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Abstract 
Spectroscopy and imaging are widely used to characterise systems structurally and 
functionally, and this information allows for the rational development of novel drugs and theranostics 
in many diverse areas of medicine. This thesis focuses on applying Electron Paramagnetic Resonance 
(EPR) techniques to determine the structure and function of protein molecules. A feasibility study to 
develop paramagnetic probes for EPR imaging is also presented. 
In EPR the probe is a paramagnetic centre and information is obtained by measuring 
interactions of this probe with its environment. In this thesis continuous wave (CW) EPR and Double 
Electron Electron Resonance (DEER) in conjunction with a site-directed spin labelling (SDSL) were 
employed to study structure and function of spin-labelled protein molecules. The techniques allow 
examination of molecular systems that cannot be crystallised or are too big for efficient NMR 
investigation. DEER provides information on distance distributions between two spin labels located 
on Cys-mutated residues of the protein molecule and can access longer distances in comparison with 
NMR. CW EPR provides information about the mobility of a single spin label which can be used to 
characterise protein dynamics. Structural modelling was used to combine the crystal structures and 
Molecular Dynamics (MD) simulations with DEER distance constraints to present a DEER-based 
structural model of the conformational variability of the protein molecule. 
Chapters 2 and 3 focus on characterising two metal ion substrate binding proteins (SBP), Zn2+-
binding AdcA and Mn2+-binding PsaA, using DEER and CW EPR. The ATP-Binding Cassette (ABC) 
permeases, with which the SBPs are associated, are a primary importer used by bacteria to scavenge 
the essential first-row metal ions (e.g. iron, zinc, manganese) from a host environment. The process 
is essential for bacterial survival and propagation. Understanding the metal ion acquisition 
mechanisms by these SBPs can provide new opportunities for targeted drug development. 
Collectively, the CW EPR and DEER data along with crystal structures, differential scanning 
fluorimetry (DSF), Molecular Dynamics simulation, and smFRET microscopy, were able to 
determine a structural model for Zn2+-binding in the AdcA protein referred to as “trap-door” 
mechanism. Our data show that the “trap-door” mechanism employed by AdcA is different from the 
“spring-hammer” mechanism employed by PsaA. 
Non-Ribosomal Peptide Synthetase (NRPS) are the topic of chapter 4. NRPS’s are a family 
of mega enzymes that produce a diverse range of pharmaceuticals, yet how these molecular machines 
operate to produce such complex chemicals is very poorly understood. This project will investigate 
module 7 of the teicoplanin NRPS, a 200 kDa protein, which is the last step in the production of the 
glycopeptide antibiotics (GPA). A comprehensive structural and functional understanding of the 
teicoplanin NRPS machinery will provide a paradigm for this enzyme family, enabling the tailored 
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re-engineering of the in vivo NRPS biosynthesis for the development of new antibiotics and 
pharmaceuticals. This thesis concentrates on a di-domain complex PCP-X from module 7 (Tcp12) of 
teicoplanin NRPS which contains the peptidyl carrier protein (PCP) domain and the X-domain. These 
two domains are joined by a long linker which is thought to be flexible. The goal is to investigate 
conformational dynamics of the PCP-X construct in different states. This includes the PCP domain 
in loaded and unloaded states, and how the PCP-X construct interacts with an OxyB (P450) protein. 
Using DEER data from a large number of double spin-labelled PCP-X mutants, rigid-body structural 
models based on the domain’s crystal structures were investigated to characterise the mobility of the 
PCP-X di-domain and compare it to very limited crystal structure data of the larger domain construct. 
Chapter 5 describes the application of the Maximum Entropy (MaxEnt) approach to 2D 
HYSCORE image reconstruction and its comparison with the conventionally utilised Discrete Fourier 
Transformation (DFT). HYSCORE is a widely used electron spin echo envelope (ESEEM) 
experiment used for measuring the nuclear quadrupole and hyperfine couplings. While EPR 
experiments are generally very sensitive, the time required for two and higher dimensional techniques 
are a significant limitation. The results show that the MaxEnt algorithm allows sampling of data non-
uniformity, provides better sensitivity and an increase in resolution compared to DFT. 
Lastly, chapter 6 describes the development of PEG-based hyperbranched polymers and 
pPEGMA-coated gold nanoparticles as EPR imaging agents and sensors. Both nanoparticles have 
been shown as promising platforms that can be functionalized with targeting ligands and various 
imaging probes (i.e. a paramagnetic spin label) for the purpose of using multiple molecular imaging 
modalities for in vivo theranostics. The choice of a spin label dictates the possible application of the 
final agent, either for EPR imaging or EPR spectroscopy. The preliminary study assessed the 
sensitivity of commercially available EPR equipment and showed that nitroxides are more suitable 
for use as a sensor rather than an imaging probe. Future work based on the results in the thesis are 
discussed at the end of this chapter. 
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Chapter 1. Theoretical overview 
1.1 Introduction to Electron Paramagnetic Resonance 
1.1.1 Electron spin and spin Hamiltonian 
Electron Paramagnetic Resonance (EPR) spectroscopy addresses the interactions of unpaired 
electron spins with an external magnetic field, and other unpaired electron and coupled magnetic 
nuclear spins. There are two methods, continuous wave EPR and pulse EPR which can be applied to 
paramagnetic systems, such as free radicals, transition metal ions, etc. EPR spectra can be recorded 
at different frequencies: L-band (≈1-2 GHz), S-band (2-4 GHz), X-band (8-10 GHz), Q-band (≈ 35 
GHz) and W-band (≈ 90 GHz). At high frequencies the resolution and sensitivity can be better. The 
choice of frequency depends on the specific type of interactions of interest that contributes to the 
system spin Hamiltonian discussed later. 
The concept of electron spin is a central concept of EPR spectroscopy. The electron spin, a 
quantum mechanical property, has an intrinsic angular momentum characterised by a quantum 
number s =
1
2
. In accordance with the quantum theory, it exists in two states: spin-up state (or α-
state) with ms = +
1
2
, and a spin-down state (or β-state) with ms = 
1
2
 . As an electron has a charge, 
there is a magnetic moment associated with the spin angular momentum: 
ˆ ˆ
2
e
e
e
g S g S
m
      Eq. 1-1 
where e  is the Bohr magneton, Sˆ  is the spin angular momentum, and the factor g can be obtained 
in accordance with Dirac’s relativistic quantum mechanics. The free electron g-value is 
ge = 2.00231930436153(53). 
The interactions between unpaired spins and nuclei in a magnetic field are characterised by the 
interactions between their magnetic moments and the external magnetic field and by the electron and 
nuclear spin interactions. The Hamiltonian describing the system of unpaired electrons and nuclei is 
referred as a spin Hamiltonian. 
The spin Hamiltonian for the system of an effective electron spin S interacting with N nuclei 
with spins I consists of the following terms: 
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where the symbol ˆ indicates an operator and g, B0, D, Ak and Pk are vectors and operators. 
Each type of interactions can be described by a second-rank tensor (g, B0, D, Ak and Pk in Eq. 
1-2 above), which is diagonal in an appropriate coordinate system. In this system the interaction can 
be described by three principal components of the tensor. The different types of interactions are 
described below. 
1) Electron Zeeman interaction 
The Electron Zeeman interaction defines the interaction between the electron spin magnetic 
moment Sˆ and external magnetic field B0, so the corresponding spin Hamiltonian term is: 
0
ˆˆ e
eZH
h

 B gS  Eq. 1-3 
As was mentioned before, in a principal axis system g-tensor can be diagonalised, and the 
interaction can be defined by three principal g-values: gx, gy and gz, and three Euler angles defining 
the orientation of the tensor in the molecular frame. 
In case of a liquid solution the electron Zeeman interaction is typically averaged to a single 
isotropic value,
1
( )
3
iso x y zg g g g   . In frozen solution and powder states the principal components 
of the g-tensor can be identified from the turning points of the EPR spectrum. The lineshape of an 
EPR spectrum is dominated by electron Zeeman interaction, and there are three possible symmetry 
of the lineshape: cubic (gx = gy = gz), axial (gx = gy = g , gz = g ) and orthorhombic (gx ≠ gy ≠ gz), 
if there is no other interaction. 
2) Nuclear Zeeman interaction 
The nuclear Zeeman interaction of a spin I with an external magnetic field B0 can be described 
in a similar way: 
0
ˆ ˆn n
nz
g
H

  B I  Eq. 1-4 
where the spin quantum number I and the nuclear gn factor depend on the nucleus type. Nuclear 
Zeeman interaction does not generally contribute to the EPR spectrum, because the nuclear magneton 
is three orders smaller than the Bohr magneton (due to inverse dependency on the mass of nuclei and 
electrons respectively). However, it plays a role in hyperfine techniques. 
3) Hyperfine interaction 
The interaction between the electron spin and coupled nuclei of spin I is called the hyperfine 
interaction, and defined as the following term of the spin Hamiltonian: 
ˆ ˆ ˆˆ ˆ ˆ ˆ
hf isoH a  SAI SI STI  Eq. 1-5 
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There are two different contributions in the isotropic hyperfine interaction A: the isotropic 
Fermi contact interaction, described by the constant aiso and the anisotropic electron-nuclear dipole-
dipole interaction described by the dipolar coupling tensor T. In liquid solution the anisotropic 
hyperfine interaction is averaged by molecular motions, and only the isotropic hyperfine constant can 
be determined. 
The isotropic hyperfine coupling constant aiso is defined as the following: 
20
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2
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iso e e n na g g

  
 
Eq. 1-6 
The isotropic contribution to the hyperfine coupling comes from finite electron spin density at 
the nucleus (
2
0 (0) ). 
The anisotropic hyperfine interaction can be described in terms of the classic dipole-dipole 
interaction and the elements of the symmetric tensor T can be written as follows: 
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
  Eq. 1-7 
where 0  is a ground-state electronic wave-function and r is the distance vector between the nuclear 
and the electron spin [1]. 
The hyperfine interactions cause the EPR line splitting. The isotropic hyperfine coupling (in 
case of solution EPR spectra) can be determined from the distance between peaks of the hyperfine 
structure. The splitting pattern depends on the number and type (I=
1
2
, I=1, etc.) of coupled nuclei 
and is used for the characterisation of molecular structures. In the case of interaction between electron 
spin and N nuclei with spin I, there will be a splitting in 2 1N I    lines with separations determined 
by the relevant isotropic hyperfine coupling and relative intensities that can be predicted by Pascal’s 
triangles. 
In frozen solution and powders the anisotropic parts of the hyperfine couplings also contribute 
to the EPR spectrum and this makes spectrum analysis more complicated. When the hyperfine 
interactions are too weak to be resolved by CW EPR, pulse techniques (such as Electron Spin Echo 
Envelope Modulation (ESEEM)) are used. 
4) Nuclear Quadrupole interaction 
The cause of nuclear quadrupole interaction is the non-spherical charge distribution in nuclei 
with a spin I >
1
2
 which gives rise to a nuclear electrical quadrupole moment Q, which interacts with 
the electric field gradient according to the following Hamiltonian term: 
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ˆ ˆ ˆ
nqH  IPI  Eq. 1-8 
where P is the traceless nuclear quadrupole tensor. 
The magnitude of the nuclear quadrupole coupling depends on the size and charge of the 
nucleus, that determines its nuclear quadrupole moment Q, and on the electron distributions in its 
surroundings, that determines the electric field gradient. This type of interaction has only a minor 
effect on the EPR spectra of a frozen solution, but this effect becomes significant for ESEEM of 
nuclei with I >
1
2
. 
5) Zero-Field splitting interaction 
The dipolar interaction between electron spins in systems with s >
1
2
, which removes the 
degeneracy of the different ms levels without an external magnetic field, is called zero-field splitting 
(ZFS). This interaction is represented by the following spin Hamiltonian term: 
ˆ ˆˆ
ZFSH SDS  Eq. 1-9 
where D is the symmetric, traceless zero-field splitting interaction tensor. 
The zero-field splitting interactions are contributed by the spin-spin dipolar interaction (mostly 
dominant in the case of organic molecules) and spin-orbit interaction (mostly dominates in case of 
transition metal ions) [2]. 
6) Electron Electron Dipole interaction 
In the case of a two-spin system, the spin Hamiltonian consists of the Hamiltonians for the 
single spins that could include all the previously-described interactions from section 1 to section 4, 
and dipolar coupling and exchange coupling Hamiltonians: 
1 2 1 2
ˆ ˆ ˆ ˆ ˆ( , ) ( ) ( ) dd exchangeH s s H s H s H H     Eq. 1-10 
In the high-field approximation, the Hamiltonian could be rewritten as follows: 
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Eq. 1-11 
The exchange coupling Hamiltonian is given by 
1 2
ˆ ˆˆ
exchangeH  S JS  Eq. 1-12 
where J is the Heisenberg exchange coupling tensor. A detailed discussion of exchange coupling can 
be found in [3]. 
The dipolar and exchange coupling lead to a splitting of the EPR signal or to a broadening of 
the EPR spectra, depending on the size of the interactions compared to other interactions in the spin 
system. 
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1.1.2 Continuous wave EPR and pulse EPR 
1.1.2.1 Continuous wave EPR 
In the case of continuous wave (CW) EPR the sample is continuously irradiated by microwaves 
at a fixed frequency, while an external magnetic field B0 generated by a magnet, is swept. B0 causes 
a splitting of the energy levels of the spin system (Figure 1-1). A microwave radiation source creates 
a standing wave inside the resonator. The resonators are designed to ensure the magnetic field 
component is to be maximum in the centre, while the electric field component is to be minimised. 
The magnetic component of the microwave radiation B1 is perpendicular to the external magnetic 
field B0. 
When the resonance condition ∆E=hν is met, B1 provokes spin transitions between the energy 
levels, which is detected as energy absorption, which constitutes an EPR signal. To reduce the impact 
of noise, the external field B0 is usually modulated by creating a small additional field modulated at 
typically 100 kHz by Helmholtz coils located outside the resonator. The modulation amplitude should 
be chosen carefully depending on the linewidth of the EPR spectrum detected [4]. More technical 
details and procedures of CW EPR tuning and measurements can be found in [4-6]. 
 
Homogeneous broadening can occur 
when all spins experience the same time-
averaged field and can be characterised by the 
same Hamiltonian. The group of spins in this 
condition is called a spin packet. 
Homogeneous lines can be characterised by 
Lorentzian lineshape. 
In contrast, inhomogeneous lineshape 
is formed by unresolved and overlapped 
homogeneous lineshapes with different 
resonance positions. In this case the line 
typically has a Gaussian shape. It can occur 
when the external field B0 is not 
homogeneous, due to unresolved hyperfine 
structure, or when anisotropic interactions 
occur. 
 
Figure 1-1 – External magnetic field B0 causes a 
splitting of the energy levels of the spin system. 
When the resonance condition ∆E=hν is met, spin 
transitions between the energy levels |> and |> 
can be detected as energy absorption.  
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1.1.2.2 Pulse EPR 
The whole potential of EPR spectroscopy cannot be used with only CW EPR due to the 
limitations of spectral resolution. Pulse EPR provides better resolution separating different 
interactions from each other. Different pulse sequences such as hyperfine splitting, relaxation times, 
dipolar couplings, etc., were developed for investigating different properties of the spin system. 
In pulse EPR the microwave radiation goes through a pulse forming unit consisting of 
different channels with attenuators and phase shifters to adjust the length and phase of the pulses and 
also to apply phase cycling when unwanted echoes should be eliminated. The generated pulses are of 
an order of nanoseconds. The pulses from the pulse forming unit travel to a travelling wave tube 
(TWT) where they are additionally amplified. 
Dead-time is a time period after a microwave pulse during which no measurements can be 
performed due to the ringing of high frequency pulses in the resonator. The issue can be overcome 
via over-coupling of the resonator and reducing its quality factor Q, which leads to reduced sensitivity 
and increased excitation bandwidth. 
The output signal is obtained by a pulse detection unit, which contains a defending limiter to 
prevent damage from the reflected high-power pulses. More details on the signal acquisition, as well 
as the theory behind semi-classical description and density matrix description of pulse EPR can be 
found in Principles of Pulse Electron Paramagnetic Resonance (2001) by Arthur Schweiger and 
Gunnar Jeschke [1]. 
1.1.3 Relaxation 
In an EPR experiments the spin system is perturbed by either oscillating microwave field or 
microwave pulses and then returns to its state of equilibrium, which is called relaxation. Relaxation 
defines a linewidth in CW EPR and must be considered to avoid a power saturation effect. In pulse 
EPR, the relaxation time determines the length of the pulse sequence used and its repetition time. 
Depending on a particular spin system, different processes can be involved in relaxation. 
Typically two types of processes occur: spin-lattice, so-called longitudinal or T1- relaxation, and spin-
spin or so-called T2-relaxation. Both types of relaxation are briefly discussed below, but more details 
can be found in [1, 7]. 
1.1.3.1 Spin-lattice relaxation 
The longitudinal or spin-lattice relaxation is characterised by relaxation time T1. Due to 
dynamic interactions and energy exchange between electron spins and the surrounding environment 
(solution, powder or crystal lattice), electron spins flip and the magnetisation vector returns to the 
state of their equilibrium position along the direction of B0 (z-axis). 
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Different processes can cause the longitudinal relaxation process: molecular motion causing 
anisotropic interactions like hyperfine, exchange or electron dipole-dipole interaction which perturbs 
a local field of the electron spin and causes its flip. Collisions with other molecules like oxygen or 
metal ions cause longitudinal relaxation as well. In solid state T1-relaxation can be caused by 
molecular vibrations [1]. 
1.1.3.2 Spin-spin relaxation 
Spin flips can occur with no energy exchange with surroundings and can cause a loss of phase 
coherence in the plane perpendicular to B0 direction (xy-plane). Additionally, phase coherence can be 
lost due to the process of T1-relaxation, and hence has two contributions: 
2 2 1
1 1 1
2T T T
   Eq. 1-13 
where 2T
 is relaxation due to the spin flip-flop process. 
The term phase memory time Tm is used in EPR experiment and includes any processes that 
cause the loss of phase coherence, including T2 relaxation [1]. If we consider two spin systems, one 
of those (spin system A) is excited and the other one (spin system B) is not. The magnetic field of 
spins A is influenced by dipolar coupling to spins B. If spins B experience spin-spin or spin-lattice 
relaxation, that process will contribute to Tm of spins A that is inversely proportional to the 
concentration of spins B. If spins B are nuclear spins, the process is called nuclear spin diffusion. 
This process is typically a main contributor to Tm and can be reduced via sample deuteration. 
When the spin magnetisation is shifted to a different region of the EPR spectrum, the 
resonance frequency of the spin changes, which contributes to Tm. An example of such a contribution 
is a spectral diffusion. Spectral diffusion happens when only part of the spins is excited because of 
limited bandwidth of the resonator. When magnetisation of spins A changes under the influence of 
spins B as was discussed before, the resonance frequency of spins A can transfer outside of the 
resonator bandwidth. The magnetisation of spins B can also change due to the same process, and the 
resonance frequency for spins B can transfer inside of the detection window, replacing spins A and 
contributing to relaxation. 
The local magnetic field around each spin changes after a pulse depending on the position of 
other spins. This process is called instantaneous diffusion [1, 7]. 
 8 
 
1.2 Pulse dipolar spectroscopy 
1.2.1 Introduction 
Weak interactions between two and more electron spins can be measured via dipolar 
spectroscopy. The object of the measurements is a distance distribution between the spins of interest. 
The data on distance distribution between different paramagnetic centres at different points of the 
macromolecule of interest can be utilized for structural studies. Depending on the length of the 
distances measured, different techniques can be used. For shorter distances in the range of 1 – 1.7 nm 
CW EPR can be used, and the distances can be extracted from the line broadening of the spectrum. 
For longer distances in the range of 8 – 12 nm, Double Electron Electron Resonance (DEER), also 
called Pulsed Electron Double Resonance (PELDOR) [8, 9], can be employed. 
For structural studies of biological systems like proteins, DNA or RNA [7, 10] EPR dipolar 
spectroscopy has an advantage over the well-established X-ray crystallography and solution-state 
NMR methods, because it allows the study a complexes that cannot be crystallised or are too big for 
efficient NMR investigation. EPR can also provide information about longer distance constraints than 
NMR that typically is limited to a range of around 0.5 nm. 
Most often, nitroxide spin labels are used for dipolar EPR spectroscopy. The spin labels can 
be positioned at a specific point of the macromolecule via site-directed mutagenesis (Figure 1-2). In 
our work 1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl (MTSL) spin label is used for all DEER 
studies. The spin label can be attached to a cysteine through a disulphide bond (Figure 1-2). Other 
spin labels such as trityl radicals [11], tyrosyl radicals [12, 13], gadolinium spin labels [12, 14, 15] 
are extensively used in various study. In some cases the macromolecules of interest already possesses 
a paramagnetic centre, like metal ions (iron, copper, manganese, etc.). 
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Figure 1-2 – MTSL spin label can be positioned at a specific point of the protein of interest 
via site-directed mutagenesis. The attachment to a cysteine is performed through a disulphide 
bond. 
1.2.2 The dipolar interaction and Pake pattern 
When two spins are distant from each other more than 1.5 nm, the exchange spin-spin 
interaction can be neglected. In this case, the spin Hamiltonian of two weakly coupled electron spins 
with sA = sB =
1
2
 can be written as follows: 
0 0( , )
e e
A B A A B B A AB BH s s
 
  B g S B g S S D S  Eq. 1-14 
where DAB can be written as follows: 
2
3 30
3
(1 3cos ) (1 3cos )
4 Z Z Z Z
A B e
AB A B dd A B
AB
g g
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 
  

   D  Eq. 1-15 
where θ is an angle between the magnetic field B0 and the distance rAB between the spins (Figure 1-3 
A). If the difference in resonance frequency of two spins ∆ω is larger than a dipolar frequency ωdd, 
the regime is called a weak-coupling regime. In this regime the splitting between most obvious peaks 
in the Pake pattern corresponds to ωdd. In the case of strong-coupling, the pseudo-secular terms of the 
spin Hamiltonian which will lead to a different eigenstates and eigenvalues, have to be considered. 
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Figure 1-3 – (A) Schematic representation of a two-electron system and definition of the 
angle θ between the magnetic field B0 and the distance vector rAB. (B) Dipolar spectrum for 
two spins obtained by a weighted sum of the differences between the two pairs of EPR 
transition frequencies over all values of θ – weak-coupling regime Pake pattern. 
 
In isotropic frozen solution all orientations of the spin system relative to the magnetic field 
exist and contribute to the Pake pattern shown in Figure 1-3B. If there is only one fixed distance, the 
position of the turning points in the spectrum (shown with arrows in Figure 1-3B) defines the inter-
spin distance rAB (
2
3
1e A B
dd
AB
g g
r

  ). For short distances, the dipolar interaction is large enough to 
cause broadening of the EPR spectrum, corresponding to a convolution of the EPR spectrum of the 
isolated spins with the Pake pattern due to the dipolar interaction between the spins. DEER can be 
used for determination of longer distances. 
1.2.3 Three-pulse and four-pulse DEER 
The distance between two coupled electron spins in the range above 1.7 nm and up to 8-
12 nm can be determined via the pulse Double Electron Electron Resonance (DEER) technique that 
measures the dipolar frequencies ωdd. Three- and four- pulse DEER employ two different 
microwave frequencies to excite different spins selectively (Figure 1-4). Detection (or observer) 
pulse sequence excites the spins A and generates the spin echo. The pump pulse that has a different 
frequency excites spins B, which leads to a change of a local field for spins A and, as a result, 
impacts echo intensity at the end of the detection sequence. The change of the position of the pump 
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pulse modulates the echo intensity by the frequency of the dipolar coupling between spins A and 
spins B that can be extracted. The interpretation of the results and extraction of distance distribution 
has been developed and the analysis software DeerAnalysis [16] is freely available. 
 
A 
 
B 
 
Figure 1-4 – Pulse sequences for (A) three-pulse and (B) four-pulse DEER. Zero-time of the 
experiment is indicated as a dashed line. The position of the inversion pulse at the pump 
frequency ωB is incremented and the change in echo amplitude is detected as a function of time. 
In case of four-pulse DEER, t0 = 2τ1 which is outside the spectrometer dead-time of ca. 100 ns. 
 
The three-pulse DEER experiment was introduced by Milov and co-workers [17, 18]. The 
first 
2

 pulse (Figure 1-4 A) creates electron coherence of the detection spins A. The pump π pulse 
applied at time t flips the B spins, which leads to a change in the local field of A spins and, as a result, 
to a change in the precession frequency of A spins. In turn, change of precession frequency results in 
a refocusing of magnetisation and a reduction in echo intensity. By varying the position of pump 
pulse with time, echo modulation is recorded as a function of time. The length of the pulse sequence 
is fixed and its maximum is determined by the phase memory time. 
Derived from the density matrix formalism, the change in echo amplitude as a function of 
time can be written as follows: 
3 ( ) cos( )p ddf t t  Eq. 1-16 
assuming ideal pulses and selective excitation. 
However, the contribution from the A spins coupled with the B spins but not excited by the pump 
pulse is not considered in the formula. The contribution brings an additional unmodulated 
contribution that is reflected with the introduction of the λ parameter, called the inversion efficiency 
of the pump pulse: 
3 ( ) 1 [1 cos( )]p ddF t t     Eq. 1-17 
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The three-pulse DEER suffers from dead-time. The first detection pulse and the pump pulse 
can often overlap, causing distortion of the first part of the DEER trace. As a result, the broader 
features of the dipolar spectrum can be diminished after Fourier transformation of the time-domain 
data [19]. This disadvantage was overcome by introduction of four-pulse DEER by Pannier and co-
workers (Figure 1-4 B) [20]. As shown in Figure 1-4B, the sequence starts with two pulses followed 
by the refocusing π pulse. In this case the zero-time starts at the position of the primary echo generated 
by the first two pulses. The position of pump pulse varies within the interval of τ1+τ2 between two π 
pulses, which leads to the modulation of the echo intensity at ωdd frequency that is recorded as a 
function of time. The echo amplitude can be determined similarly to Eq. 1-17 for the three-pulse 
sequence: 
4 ( ) 1 [1 cos( )]p ddF t t     Eq. 1-18 
Considering also the interactions between electron spins located on the different macromolecules, the 
DEER trace can be defined as follows: 
( ) ( ) ( )V t F t B t  Eq. 1-19 
where F(t) is called a form factor and B(t) is called a background factor, that can be written as an 
exponential decaying function: 
3( ) exp( )
d
B t kt   Eq. 1-20 
where k is a coefficient proportional to the concentration of the spins and d is a dimensionality of the 
background [21]. For proteins or organic bi-radicals in solution d is usually close to three. For 
membrane-proteins it can become close to two. The form factor is used for the background correction 
as discussed in the next section. 
To be able to determine distance distribution accurately, the DEER trace should be sufficiently 
long to characterise the observed distance. A length that captures a half an oscillation is normally 
sufficient to determine the mean distance, a length corresponding to at least one and a half of 
oscillation is sufficient to determine the width of the distribution; and the length corresponding to at 
least three oscillations and more is required to determine the shape of the distance distribution [21]. 
As was mentioned earlier, phase memory time determines the length of DEER trace that can be 
recorded, which, in turn, determines the signal-to-noise ratio of the experimental data. Decreasing the 
temperature closer to a rigid-lattice limit can prolong phase memory time, but spin-lattice relaxation 
time will be increased as well, which will require longer shot-repetition time. The optimal temperature 
that ensures a good balance between two relaxation mechanisms was found to be around 50 K [22]. 
As was mentioned earlier, use of deuterated solvents instead of protonated solvents can also extend 
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the phase memory time. Deuteration of the solvent, the spin label and the protein can bring more 
improvement [9]. 
Overall four-pulse DEER has an advantage over three-pulse DEER in terms of determining 
the initial part of the DEER trace more accurately, because the technique does not suffer from a dead-
time. However, phase memory time is a more severe limitation for four-pulse DEER rather than for 
three-pulse DEER due to additional relaxation during the initial part of the trace (2τ1). To overcome 
this disadvantage, Lovett and co-workers [23] suggested a method called DEER-Stitch that allows 
acquisition of longer DEER traces with higher sensitivity. DEER-Stich is based on combining two 
DEER traces, short-length four-pulse DEER and long-length three-pulse DEER, to reconstruct the 
final “stitched” DEER trace. 
1.2.4 DEER data analysis and interpretation 
The first approach to utilizing DEER data for structural study of macromolecules is to extract 
distance distributions from the experimental DEER traces and use the distances as constraints. The 
procedure is implemented in the software DeerAnalysis [16] used for this thesis and illustrated in 
Figure 1-5. Firstly, by fitting Eq. 1-20 to the end of the DEER trace and assuming that the modulations 
are damped and the decay is due to the background factor, the background factor B(t) is determined 
(Figure 1-5A). The form factor F(t) can be obtained by division of experimental data by the 
determined background factor B(t) (Figure 1-5B). The modulation depth ∆ can be determined as the 
difference between the intensity maxima (at t=0) and the intensity closer to the end of the trace where 
the modulation has decayed (shown in Figure 1-5B). The reduced form factor f(t) can be calculated 
as follows: 
( ) (1 )
( )
F t
f t
 


 Eq. 1-21 
Next, the DEER spectrum can be reconstructed from Fourier transform of the reduced form 
factor (Figure 1-5C). If the measured distance is well-defined, then the dipolar frequency can be 
calculated from the dipolar spectrum as shown in Figure 1-5C. However, in the case of broader 
distance distribution, the observed Pake pattern is a weighted average of the Pake patterns 
corresponding to the distance distributions in that broader range. The averaging of the Pake pattern 
leads to a broadening of its features. As a result, other approaches should be taken to determine the 
dipolar frequency accurately. 
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B 
 
D 
 
Figure 1-5 – Illustration of DEER data analysis for an NRPS PCP-X di-domain (Cys-mutant 
A323C-A430C labelled with MTSL, Chapter 4) at 55K: (A) Experimental DEER trace 0( ) /V t V  
recorded and fitted background B(t). (B) Experimental and simulated form factor 0( ) /F t F  
obtained after background correction. (C) Experimental and simulated DEER spectrum obtained 
by Fourier transform of the reduced form factor. (D) Distance distribution extracted by Tikhonov 
regularisation applied to the data shown in B and C with a regularisation parameter α=20. The 
analysis was performed with the program DeerAnalysis [16]. 
 
The equation connecting the reduced form factor f(t) and distance distribution P(r) can be 
written as follows: 
max
min
( ) ( , ) ( )
r
r
f t K r t P r dr   Eq. 1-22 
where kernel matrix K(r, t) can be defined as: 
1
2
0
( , ) cos[(1 3cos ) ] cosddK r t t d     Eq. 1-23 
The kernel matrix represents the modulation caused by the dipolar interaction and contributed by all 
the orientations of the spin vectors relative to the magnetic field vector. Extraction of the distance 
distribution from that equation is an ill-posed problem. It means that the solution is sensitive toward 
even light perturbation of the input data (i.e. noise and differences in background corrections). 
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Different approaches to the problem have been discussed in the literature [24-27]. The most popular 
model-free approach is Tikhonov regularization [25, 27], which was also used for extraction of 
distance distributions in this thesis. 
Tikhonov regularisation minimizes the following object function: 
2
2
2
2
( )
( ) ( ) ( )
d P r
G P KP r f t
dr
         Eq. 1-24 
The minimization of the first term ensures a good fit between the experimental and fitted solution 
(preciseness). The second term is responsible for the smoothness of the solution. Parameter α is called 
a regularisation parameter. It controls the balance between preciseness and smoothness of the 
solution. If α is too low, the solution will consist of several narrow peaks, because noise was fitted in 
the experimental form factor as distances. If α is too high, the solution will be broad. 
The most popular way to define the regularisation parameter α is the L-curve method [16, 25, 
27]. The L-curve is a plot of log  and log  for different α (Eq. 1-24). The plot usually has an L-
shape, and the left corner of the L-shape represents the best balance between the smoothness and 
roughness of the solution. 
1.3 Conformational distributions and flexibility of spin labels 
1.3.1 Applications of CW EPR to study the mobility of spin labels 
The CW EPR spectra can provide information on the mobility of a spin label, free or 
attached to a macromolecule. The information about the label motion can be obtained visually by 
comparing lineshapes of the CW EPR spectra, since the spectral lineshape is sensitive to motions 
occurring on the EPR timescale determined by the spectral anisotropy. There are three different 
correlation times that can be defined in the description of spin labels attached to a macromolecule 
(i.e. protein) [28, 29]: the correlation time describing the overall tumbling of the macromolecule, 
the correlation time related to a movement of a protein backbone and the correlation time related to 
the internal motion of the spin label. 
In case of large protein molecules (>200 kDa), the correlation time related to the overall 
tumbling of the molecule exceeds the X-band EPR sensitivity and can often be neglected. However, 
X-band EPR is sensitive to backbone and spin label motions because of anisotropies of the g-tensor 
and A-tensor. If a spin label is attached to a macromolecule, its motion is restricted with respect to a 
free label in solution, and the anisotropies are not averaged out completely and the EPR spectrum 
becomes distinctive from the isotropic regime (Figure 1-6). A quantitative interpretation of the EPR 
spectra in terms of label mobility requires simulation. 
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To simulate the random rotational tumbling of spin labels (as nitroxides) in solution, 
stochastic a Liouville equation (SLE) with a rotational diffusion super-operator can be used. The 
classification of the rotational regimes can be formulated based on the range of the rotational 
correlation time τC relative to the rigid-limit spectral width  . There are four main motion regimes: 
(1) the fast motion limit (τC ~ 0), (2) the fast-motion regime (τC-1 >>  ), (3) the slow and 
intermediate motion regime (τC-1 is similar to  within two (2) orders of magnitude), and (4) the 
rigid limit (no rotation) [30]. 
In the case of macromolecules (i.e. polymers [31] or protein molecules in this study) analysis 
of the motion of a spin label sitting on a particular spot (residue) of the macromolecule of interest, is 
not trivial because the relationships between the lineshape and the physical parameters (such as 
rotational diffusion and chemical exchange) are indirect [32]. These systems are usually defined as a 
“slow-motion” or ‘slow-tumbling” regime. The simulation requires the solution of larger matrix 
equations and more parameters to fit [33, 34], and, as a result, longer computational time. 
An extensive summary on the approaches of computational simulation of EPR spectra, as well 
as related software packages with implementations and references was provided by S. Stoll [30] and 
many other researchers [35, 36]. Thus, only a brief summary with principal equations is provided in 
this section.  
For the simulation performed in this thesis (Chapter 2) the EasySpin Matlab-based package 
[37] was used. The schematic representation of the rotational dynamics accessible by CW EPR and 
the theoretical basis used for EasySpin approaches (with the sample spectra of nitroxide for each 
regime) are provided in Figure 1-6. The borders of the regimes are approximate. 
As was mentioned above, the modelling of a “slow-motion” system is based on the SLE 
model. The main purpose for using this approach is to design an equation that will take into account 
the effect of molecular motions on the shape of the EPR spectra. This requires characterization of the 
magnetic parameters, such as the Zeeman and hyperfine tensors, and the numerical calculation of the 
density matrix operator ( , , )q t  , which is the key access to spectroscopic observables. In the spin 
pseudo-coordinates , and molecular coordinates q, the density matrix operator is defined by an 
augmented Liouville equation: 
( , , ) ( , ), ( , , ) ( ) ( , , ) ( , ) ( , , )q t i H q q t q q t L q q t
t
         

      
 Eq. 1-25 
where ( , )H q  is a Hamiltonian commutation super-operator, ( , )q  is a diffusion super-operator; 
( , )L q  is a stochastic Liouville super-operator in the simplified form of the equation. 
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Figure 1-6 – Rotational dynamics accessible by CW EPR and the related functions integrated 
in the EasySpin Matlab-package: τc - isotropic rotational correlation time, Δω - spectral 
anisotropy. The borders between the four regimes are only approximate [37]. 
 
The diffusion matrix ( , )q  depends on the model of the rotational motion: Brownian 
diffusion, jump diffusion, or free diffusion. The orientation dependence in the case of the “slow-
motion” regime is modelled using Wigner rotation functions ( , )LKMD q  - eigenfunctions of the 
rotational diffusion operator. The Wigner rotation functions describe a continuous orientational 
distribution of the spins. The model can be built via a linear combination of the functions. The theory 
behind the approach was developed by Freed and co-workers [33] and implemented into one of their 
well-known simulation program. EasySpin software uses the same approach and is available as a 
Matlab-based package. 
The EasySpin parameter called “orienting potential” is characterises the ability of the spin 
label to align relative to the protein molecule, and restricting its possible orientations. In polar 
coordinates the orienting potential can be defined as follows: 
0 0
,
( , ) ( , ) ( , ) ( , )L L LLK KM LK K K
L K LK
U C D C D D                Eq. 1-26 
where LKMD  - symmetric combination of Wigner rotation functions, ( , )   - set of Euler angles 
specifying the orientation of the director. 
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Rotation functions for some values of L and K (and M=0) are calculated using EasySpin 
function spherharm and are shown in Figure 1-7. 
 
Figure 1-7 – Rotational functions calculated using EasySpin spherharm function for some L and 
K values (M=0, meaning that the orientation depends only on two Euler angles). Black (white) area 
relates to negative (positive) values of the functions [37]. 
 
In theory, the rotational distribution is represented by a linear combination of an infinite 
amount of the rotational functions. However, this approach is impractical, and the used size has to be 
truncated. In practice, satisfactory fits to X-band CW EPR can be obtained by varying only the 
2
0C  
and the 22C  coefficients [34]. Pilar and co-workers [31] examined the MOMD (microscopic order with 
macroscopic disorder) model to explain the X-band and far-infrared (FIR) EPR spectra of 
TEMPONE-labelled polystyrene in a dilute toluene solution. They used a Smoluchowski equation 
for the Brownian rotational diffusion, with the orienting potential given by: 
2 2 2 2
0 2
( , ) 1
(3cos 1) [2sin cos2 ]
2
U
C C
kT
 
       Eq. 1-27 
where the 
2
0C  term refers to the restricting potential to wobbling motion, the 
2
2C  - to its asymmetry. In 
that study the MOMD model provided the best fit to the experimental spectra. 
The EasySpin algorithm for a “slow-motion” regime uses the same approach, and the general 
steps are shown in Figure 1-8. It is implemented as a chili function and was used in the simulation 
study described in Chapter 2. 
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Figure 1-8 – General algorithm for chili function implemented into EasySpin Matlab-package [37]: 
(1) – computing Hamiltonian and diffusion matrix in an appropriate basis, (2) tridiagonalization of 
Liouville matrix, (3) computing the spectrum from the tridiagonal matrix. 
1.3.2 Conformational distributions of a spin label for DEER interpretation 
For accurate interpretation of DEER experimental data in terms of macromolecular structure, 
size and spatial distribution of a paramagnetic centre should be considered. While metal ion clusters 
usually have a well-defined location in the macromolecule and therefore the calculated distance 
distribution reflects the structural movement of the macromolecule of interest, spin labels attached to 
the macromolecule via site-specific mutagenesis can undertake different conformations themselves. 
This should be taken into account for an accurate interpretation of the DEER experimental data in 
terms of protein structure, when the motion of spin label and of the protein backbone have to be 
distinguished [21, 38]. 
One of the approaches to modelling the conformational distribution of a spin label is the 
“tether-in-a-cone” model, which suggests that the electron spin is localised on a cone centred on a Cα 
atom of the protein backbone [39]. Another approach calculates a rotamer distribution based on the 
conformational space of the spin label. The first version of the rotamer library approach is 
incorporated in the freely available Matlab program MMM [40]. The weighting is based on the 
potential energy of the rotamers in a protein environment. The second version of the rotamer library 
approach is incorporated in Pymol plug-in MTSSLWizard [41]. It performs a conformation search 
based on a random rotation of a spin label around the torsional angles and no weighting is applied. 
For this thesis both programs were used. 
1.3.2.1 MMM rotamer libraries approach 
The Matlab-based MMM program calculates the rotamer libraries of selected spin labels with 
associated weight/probability for each rotamer [40]. As shown in Figure 1-9, a MTSL spin label 
introduced to the protein molecule is connected to its backbone via five rotatable bonds (torsional 
angles are shown in light grey). Depending on the values of the torsional angles, a number of different 
conformations is possible. 
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In MMM, pre-computed rotamer libraries 
are calculated for a specific nitroxide spin label in 
a standard protein environment. Based on the 
combinations of the values of the five torsional 
angles, the conformational space of the MTSL 
spin label can be well-defined by about 200 
generated rotamers. The distribution of the 
dihedral angles was investigated via molecular 
dynamics simulation. 
A more detailed explanation of the 
approached used by MMM can be found in [40]. 
Briefly, Boltzmann statistics based on the sum of internal energy of a free spin label and external 
energy are used to calculate the probability/population of each rotameric state. The internal energy is 
pre-computed for a free spin label via assignment of the conformations sampled via MD simulation 
of a free spin label to a specific rotameric state. The Boltzman distribution equation is used to 
calculate energy depending on the frequency of the occurrence of these states [40]. The external 
energy is evaluated through the Lennard-Jones interaction potential for each pair of non-hydrogen 
atoms on the spin label and on the rigid protein model. The flexibility of the system is considered by 
reduction of van der Waals radii [40]. 
1.3.2.2 MTSLWizard rotamer libraries approach 
The Pymol plug-in MTSSLWizard performs a search of an ensemble of possible 
conformations of MTSSL spin label that do not clash with the protein static model within a variable 
tolerance [41]. As was mentioned earlier, the approach does not calculate probabilities of rotameric 
states or interaction energies. It generates random sets of the five torsional angles (Figure 1-9) and 
checks the corresponding rotamers for clashes with the protein. 
There are two search parameters that can be manually chosen from the provided menu. Clash 
is defined as a violation of the “vdW cutoff” parameter. By default the “vdW cutoff”=3.4Å (a typical 
carbon-carbon distance between residues in the hydrophobic core of a protein). Another available 
option is “vdW cutoff”=2.6Å (a typical length of a hydrogen bond). The “allowed clashes” parameter 
can be set up between “0” (default option) and “5”. The “Thoroughness” parameter regulates the 
number of generation/check cycles performed for each set of the five torsional angles: 1500 in 
“painstaking search”, 300 in “thorough search”, 90 in “normal search” (default option) and 10 in 
 
Figure 1-9 – Representation of molecular 
structure of MTSL spin label with shown 
torsional angles governing the possible 
conformations of the spin label side chain. The 
position of the unpaired electron is indicated. 
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“quick search”. Each conformation is checked for clashes within the label itself, and if clashes occur 
– the conformation is not counted. 
The source code of MTSSLWizard is freely available at 
http://www.pymolwiki.org/index.php/mtsslWizard. The approach produces similar results to MMM, 
but can make a faster estimation and gives an opportunity to visualize results in Pymol. More detailed 
explanation of the program can be found in [41]. 
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Chapter 2. Understanding protein Structure-Function using pulse 
Electron Resonance Spectroscopy in conjunction with Site-Directed 
Spin Labelling: Zn2+-binding AdcA protein 
2.1 ABC importers in bacteria 
ATP-binding cassette (ABC) transporters belong to one of the major families of membrane 
proteins mediating the exchange of solutes between bacterial cells and their surroundings [42-44]. 
The transporters can be classified in accordance with their function: importers that deliver nutrients 
and other solutes into the cell; exporters that remove toxins and other waste products from the cell. 
ABC importers, only found in prokaryotic cells, consist of three components (Figure 2-1 –). 
Firstly, two transmembrane domains (TMDs) form a channel across the cell membrane. Secondly, 
two hydrophilic nucleotide binding domains (NMDs) in conjunction with TMDs form the ATP 
binding site [45]. The third component is a substrate binding protein (SBP) which is anchored to the 
cell surface through an N-terminal lipid moiety (for Gram-positive bacteria) [46]. Acquisition of 
solutes by ABC importers can be described as a three-step process. Firstly, the SBP recognizes and 
binds a specific substrate, forming an SBP-substrate complex. The complex then interacts with the 
TMD domains. A series of conformational rearrangements leads to a TMD open state. The substrate 
is then released from the binding SBP and transferred into the cell. The SBP then returns to its initial 
state for the next cycle [47, 48]. 
The mechanisms utilised by the ABC transporters make them an attractive target for novel 
anti-bacterial drug development. SBP structural studies are very important for understanding the 
operation of the protein in its role as the initial receptor for the substrate uptake process. 
Understanding the structural changes in SBPs and the mechanisms behind the recognition of the 
specific substrate, is the first and key step towards the goal of developing new, targeted drugs, 
focusing on this pathway. 
The size of SBPs range from 20 to 70 kDa. They show low sequence identity to one 
another [49], which is the main factor behind their high specificity toward the substrate of choice. In 
this Chapter we study the structure-function of the Zn2+-binding protein AdcA, the SBP of the ABC 
cassette in Streptococcus pneumoniae (S. pneumoniae). 
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Figure 2-1 – ABC cassette SBP-mediated substrate uptake from the host environment to the 
bacteria cell [49]. 
2.2 Role of AdcA Zn2+-binding protein for S. pneumoniae Zn2+ 
homeostasis 
S. pneumoniae, or the pneumococcus, is a significant human bacterial pathogen. It has been 
recognized as the causative agent of pneumonia and meningitis, is particularly dangerous for elderly 
people and children. A main and necessary stage of the disease spreading is the acquisition of Zn2+ 
by the bacteria from the host organism [50]. However, the level of Zn2+ in the host environment is 
strictly regulated, because Zn2+ shows toxicity when in excess [51]. 
Usually the Zn2+-binding process is performed by two types of proteins with a high Zn2+ 
affinity: AdcA and AdcAII. This feature is unique for the S. pneumoniae, because the majority of the 
bacteria possess only one type of metal-specific SBPs. AdcA and AdcAII show similar functionality 
in vitro and each of them is sufficient for in vitro homeostasis [50, 52]. However, Plumptre and co-
workers [50] demonstrated that AdcA is a zinc-specific binding protein, and shows features different 
from other SBPs. Additionally, AdcA and AdcAII show complementary functionality in vivo [50]. 
The presence of two Zn2+-specific SBPs is not typical for most prokaryotes. However, the genes 
encoding AdcA and AdcAII in streptococci are regulated to the Zn2+ abundance in the environment. 
Interestingly, AdcA-mediated Zn2+ homeostasis does not show a significant dependency on the 
polyhistidine triad (Pht) proteins (from 90 to 116 kDa in size) [53], in contrast with AdcAII-mediated 
Zn2+ homeostasis [54] where the proteins help to facilitate Zn2+ acquisition. Pht proteins exist on the 
cell surface and are implicated in the Zn2+ transport pathway but their role is poorly understood [53]. 
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Clearly, understanding the reasons behind the differences between two SBPs will lead to more 
insights into their functionality and will open new opportunities for the development of the new anti-
pneumococcus inhibitors. 
In accordance with the crystal structure (Figure 2-2) (solved by our collaborators during this 
project), one of the features of AdcA is its two zinc-binding domains: AdcAC, the C-terminal zinc-
binding domain, and AdcAN, the N-terminal A-I cluster zinc-binding domain (Figure 2-2). AdcAC is 
homologous to a Zn2+-binding protein known as ZinT from Gram-negative bacteria, while AdcAN is 
homologous to other Zn2+-specific SBPs from the cluster A subgroup, including AdcAII 
(superposition is shown in Figure 2-2). As shown, AdcAN comprises two lobes (C- and N-) connected 
via a rigid α-helix. This architecture is common for solute-binding domains (SBDs) interacting with 
metal ions [55-57]. The metal-binding site of AdcAN consists of four residues: His63, His141, His204 
and Glu279 [50, 58]. 
 
 
 
Figure 2-2 – Crystal structure of S.pneumoniae AdcA in green (Submitted Paper), showing a typical 
cluster A-I fold in the protein’s N-terminal domain (AdcAN) that is comprised of two lobes, a N-
terminal and C-terminal (α/β)4-lobes, and a ZinT-like fold in the C-terminal domain (AdcAC). The 
two bound Zn2+ metal ions are shown as grey spheres. The AdcAN domain is shown with a 
superposition of crystal structures of ZnuA from S.enterica (pink, PDB: 2XQV [59]), 
Synechocystis 6802 (magenta, PDB 1PQ4 [60]) and AdcAII from S.pneumoniae (cyan, PDB 3CX3 
[58]). 
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Additionally, it has been suggested that only minor conformational changes occur in A-I 
cluster SBDs upon metal-binding [61-65], in contrast with non-cluster A proteins undertaking major 
rearrangements between C- and N-lobes [66, 67]. However, a noticeable movement of regions of the 
C-lobe was reported in another A-I cluster Mn2+-binding protein PsaA which lead to the development 
of a “spring-hammer” mechanism [57]. In PsaA, the C-lobe exhibits a 13° rotational movement 
toward the Mn2+-binding site upon metal binding [57]. The structural changes of SBDs upon metal-
binding encode the communication between the SBDs and the ABC transporter about its “cargo”. 
The mechanism remains unclear for the Zn2+-binding AdcA protein and more investigations are 
required to clarify the Zn2+-binding, recognition and release processes. 
There are some significant structural differences observed between AdcA and AdcAII. Firstly, 
AdcA contains a His-rich loop (residues 120-136) [58] and an extended C-terminal region (AdcAC, 
residues 322-501) linked to AdcAN via an additional 11 amino acids [68]. Both features are absent in 
AdcAII, although the presence of a His-rich loop is relatively common for other SBDs. However, its 
functionality remains unclear [60, 63, 69]. Secondly, as we discuss later, the α2β2 loop (residues 58-
66) containing the His63 Zn2+ coordinating residue shows more mobility in comparison with the other 
three regions containing the coordinating residues His141, His204 and Glu279. Lastly, drawing a 
parallel with ZinT proteins that facilitate the Zn2+-binding process [50, 70, 71], it can be hypothesised 
that AdcAC has similar functionality. However, the mechanism of this facilitation has to be 
investigated. 
One approach to get functional clarity is to characterize structural changes between two 
different states of the AdcA protein: metal-free (without bound Zn2+), and Zn2+ (with bound Zn2+). In 
this collaborative study we used a number of techniques to clarify the binding mechanism and get 
detailed insights into AdcA structure-function. The main focus was put on continuous wave (CW) 
EPR to measure mobility of the His-rich loop and Double Electron Electron Resonance (DEER) 
spectroscopy to determine protein structure in solution. This work was carried out along with X-ray 
diffraction, MD simulations, mutagenesis studies, and smFRET miscroscopy to particularly 
characterise the AdcAN domain and mechanism of Zn2+ binding and transport in detail. 
2.3 Preliminary findings and discussions 
Disclaimer: the findings described in this section provide the relevant context for the future aims and 
discussions on EPR study conducted for the project. Protein mutagenesis and analysis, differential 
scanning fluorimetry (DSF), smFRET miscroscopy and MD simulations were conducted by 
collaborators. 
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At the time of Thesis submission, our publication was submitted to Nature Chemical Biology for 
consideration: 
(Submitted Paper)  The molecular basis of zinc acquisition by Streptococcus pneumoniae AdcA 
Zhenyao Luo, Jacqueline R. Morey, Evelyne Deplazes, Victoria G. Pederick, Alina Motygullina, 
Stephanie L. Begg, Nikoloas Eleftheriadis, Michael Isselstein, James C. Paton, Thorben Cordes, 
Jeffrey R. Harmer, Bostjan Kobe, Christopher A. McDevitt. 
 
In this chapter this paper is referenced as (Submitted Paper). 
 
2.3.1 Zinc acquisition requires the AdcAN domain 
As was discussed earlier, ZinT proteins facilitate Zn2+ uptake [50, 70, 71]. Cao and co-workers 
stated that the C-terminal ZinT-like domain of Streptococcus pyogenes AdcA delivers Zn2+ directly 
to ABC transporter [72]. However, Z. Luo, J. R. Morey and co-workers (Submitted Paper) showed 
that the AdcAN domain only is necessary for Zn2+ acquisition by conducting mutational analyses with 
phenotypic growth and metal accumulation experiments (Submitted Paper). 
Three coordinating residues His63, His140 and His204 were mutated to Ala to help interrupt 
the metal binding process in AdcAN. This variant replaced the wild-type gene in a ∆adcAII 
background (the bacterial cells with the AdcAII-encoding gene absent) to assess the contribution of 
these regions to phenotypic growth and metal accumulation studies. The data showed that the 
accumulation of Zn2+ was significantly impaired with the conditions of Zn2+-replete or Zn2+-restricted 
conditions, while no other metal ions demonstrated the same impairment. 
2.3.2 Accessory regions facilitating Zn2+ uptake 
To proceed further, three AdcA variants were generated for the purpose of assessing the role 
of particular regions that are hypothesised to participate in the process of Zn2+ uptake. Namely, the 
ZinT-like AdcAC domain (residues 322-501) and His-rich loop of AdcAN domain (16 amino acids, 
residues 120-136) were deleted to form the following AdcA isoforms: 
1) AdcAC domain was truncated (adcAN isoform); 
2) His-rich loop was deleted (adcA∆Loop isoform); 
3) Both AdcAC and the His-rich loop were deleted (adcAN∆Loop isoform). 
Deletion of either AdcAC or the His-rich loop had no major impact on the S.pnemoniae growth in 
conditions of Zn2+ deficiency as compared with Zn2+-replete. However, deletion of both regions 
simultaneously (adcAN∆Loop isoform) affected growth in conditions of Zn2+ deficiency significantly. 
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Accumulation of other metal ions was not affected. These findings show that both the AdcAC domain 
and His-rich loop of the AdcAN domain are required to exert full virulence in case of Zn2+ shortage. 
2.3.3 The structure of Zn2+-bound AdcA 
The crystal structure of wild-type Zn2+-bound AdcA was determined at the resolution of 
1.58 Å by Z. Lou, J.R. Morey and co-workers (Submitted Paper). It was confirmed that the protein 
has a two-domain organisation: AdcAN and AdcAC linked by a rigid α-helix (11 amino acids, α5) 
with both domains containing a Zn2+ metal ion (Figure 2-3 (A)). Domain AdcAN has a two-lobe 
architecture: N-terminal and C-terminal lobes (Figure 2-3 (B)). There are four coordinating residues 
comprising the AdcAN binding site: His63, His140, His204 and Glu279 (Figure 2-3 (D)). 
MD simulation conducted by Dr. Evelyne Deplazes (Curtin University, Bentley) using the 
crystal structure as a starting point, revealed that the bond distances between these four residues and 
the Zn2+ metal ion remained relatively stable over 5 independent MD runs of 750 ns each, and stayed 
within the expected range of 2.07-2.15 Å [73]. This result demonstrates that the MD force field used 
for the metal binding was appropriate. The His-rich loop (residue 120-133) was predicted to be 
flexible [59, 74], which is consistent with the single-crystal X-ray diffraction data where no electron 
density was observed. This MD data was used extensively in our EPR structural modelling, as 
described later. 
Among the four Zn2+ coordinating residues, His63 shows the highest accessibility to the 
solvent, while His204 and Glu279 have the lowest. The observation is stable among all five MD runs. 
Interesting that this partly opened conformation of Zn2+-bound protein was observed in the S.enterica 
Zn2+-bound ZnuA [59], while it is not common in other Zn2+-bound ZnuAs where it is fully closed 
[60, 63, 74]. In accordance with the MD results, this is due to the rigid rotation of α7β6 loop (Figure 
2-3 (B)) perpendicularly to the hinge of α5 linking helix. The same analysis was done for the crystal 
structure of the AdcAN domain with AdcAC truncated and yielded the same conclusion. 
The crystal structure of the AdcAC domain with truncated AdcAN domain was also determined 
(Figure 2-3 (C)). Similarly, no significant conformational differences between metal-free and Zn2+ 
conformation were revealed. This conclusion was made on the basis of a Cα root-mean-square 
deviation (RMSD) analysis. The metal binding site of AdcAC is comprised of three residues: His452, 
His461, His463 (Figure 2-3 (E)). The average bond distances are 1.97 – 2.11Å and remained stable 
over five independent MD simulations. 
AdcAN and AdcAC interact with each other in the Zn2+-bound crystal structure via α12 loop 
and α15 loop of the AdcAC domain and α7 and part of His-rich loop (residue 109-117) of AdcAN 
domain by forming H-bonds within the backbones (for example, between Gln492 and Leu115), side 
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chains (for example, between Gln492 and Asp112), and salt bridges (for example, between Glu120 
and Lys318). These interactions provide for a large buried surface that contributes to the stability of 
the interaction between AdcAC and AdcAN domains of AdcA protein. 
 
Figure 2-3 – Structure of AdcA. (A) Cartoon representation of the AdcA crystal structure (top 
view). The ZnuA-like AdcAN domain is coloured in light blue and the ZinT-like AdcAC domain in 
yellow. The bound Zn2+ ions are shown as black spheres, with their coordinating residues shown 
as sticks. (B and C) Cartoon representation of the AdcAN and AdcAC domains, respectively. The 
bound Zn2+ ions are shown as black spheres and their coordinating residues as sticks. (D and E) 
Close-up view of the metal-binding site in the AdcAN and AdcAC domains, respectively. The bound 
Zn2+ ions are presented as black spheres and the coordinating residues as sticks. The coordination 
bonds are indicated by dashed red lines. Figure was adopted from (Submitted Paper). 
2.3.4 Conformational changes upon Zn2+ binding 
A number of Zn2+-specific SBDs do not show significant conformational changes between 
their metal-free and Zn2+- states [61-65], while recent study by Counago revealed that the Mn2+-
specific SBD PsaA protein experiences a major conformational changes via a “spring-hammer” 
mechanism [57]. Using MD runs to model the dynamics of AdcA, and performing a root-mean-
squares fluctuation (RMSF) analysis of the C atoms positions on these runs, the “spring-hammer” 
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mechanism was not confirmed for AdcAN (crystal structure with AdcAC truncated) and it was shown 
that the mechanism of metal binding was not accompanied by distortion of the linking helix α5 or 
any major movements of the lobes. 
Taking into account that crystal structure provides only a snap-shot of the dynamic process, 
Double Electron Electron resonance (DEER) was used to investigate the range of conformations 
undertaken by AdcA in metal-free and Zn2+-bound states in solution. 
2.3.5 Mobility of the loop α2β2 (His63) (before CW EPR) 
To investigate the mobility of the loops containing the coordinating residues further, MD 
simulation of the loop α2β2 (His63), α4β4 (His140), α6β5 (His204) and α10β8 (Glu279) was 
performed to analyse their mobility and solvent accessible surface area (SASA). All MD simulations 
were performed by Dr. Evelyne Deplazes (Curtin University, Bentley). 
An RMSD analysis of the C atom positions from the MD runs were calculated as a function 
of time. The analysis revealed that the α2β2 (His63) loop is highly mobile in comparison with the 
loop α4β4 (His140) and the loop α10β8 (Glu279) that showed very low mobility in both states. Loop 
α6β5 (His204) also showed some mobility, but the difference between metal-free and Zn2+-bound 
conformations was not significant. To investigate the mobility of the loop α2β2 (His63) further, an 
X-band CW EPR study in solution was performed. 
2.4 Aims 
The goal of this study is to investigate how the structural configurations of AdcA protein in 
solution differ in two states: metal-free (without bound Zn2+, also referred as apo in the figures), and 
Zn2+- (with bound Zn2+, also referred as Zn2+-bound) using pulse and CW EPR spectroscopy. To meet 
this goal, the following workflow directions were identified: 
 
(A) Investigate the mobility of the α2β2 (residues 55-65) loop. 
(1) CW EPR study of the spin label “sitting” on the mobile loop, and outside of the loop in metal-
free and Zn2+-bound conformations. 
(2) Computational simulation of the CW EPR spectral line shape to access the dynamic 
parameters of the spin motion. 
(B) Investigate the structural changes of the protein molecule in two states: metal-free and Zn2+-bound 
in solution. 
(3) DEER study of eight metal-free and eight Zn2+-bound mutants double-labelled with an MTSL 
spin probe to access the distance distributions between the spin labels. 
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(4) DEER data analysis and visual investigation of the protein structure using the distance 
distributions as constraints. 
(C) Develop a Structure model for the DEER data based on the set of Molecular Dynamics (MD) 
structures (5 runs, 750 ns each). This will establish if the conformation space sampled by the MD is 
in accord with the experiment, and validate MD simulations of the metal-free AdcA state for which 
there is no crystal structure available. 
 
The outcomes of this study provide structural insights into the AdcA Zn2+-binding process, and 
produce strong complementary information for other studies undertaken in this project. Our 
computational approach to refining the MD data also offers a powerful DEER analysis approach for 
the purpose of modelling structural conformations in solution from experimental data. 
 
2.5 Materials and Methods 
Disclaimer: 
The study was conducted in collaboration with other research groups. The detailed material and 
methodology are described in the (Submitted Paper). 
(1) Bacterial strains, culturing and growth experiments, (2) whole-cell metal ion accumulation 
analyses, (3) expression and purification of AdcA and mutant variants, (4) differential scanning 
fluorimetry (DSF) and (5) protein crystallization, structure determination, and analyses were 
performed by Dr. Zhenyao Luo, Dr. Jacqueline R. Morey and other members of Prof. Bostjan Kobe’s 
group (UQ, Brisbane) and A.Prof. Christopher McDevitt (University of Melbourne). (6) Molecular 
Dynamics simulation of AdcA and related analyses were performed by Dr. Evelyne Deplazes (Curtin 
University, Bentley). (7) smFRET microscopy was performed by the members of Prof. Thorben 
Cordes group (LMU, Munich, Germany). (8) Protein labelling with MTSL spin label for EPR study 
was performed by Dr. Zhenyao Luo. 
2.5.1 Electron paramagnetic resonance (EPR) spectroscopy 
2.5.1.1 Protein mutants for EPR study 
Seven surface-exposed and non-conserved residues were selected based on their location 
(either the N- or C- lobe of the AdcAN domain or on the AdcAC domain) and their polarity. The 
selected residues were mutated to Cys residues by site-directed mutagenesis (Quickchange Lightning 
Kit, Agilent Technologies) for further labelling with MTSL spin label (Santa Cruz Biotechnology, 
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Inc.) to form eight double-labelled mutants as specified in Table 2-1 and shown in Figure 2-4 (A); 
and two single-labelled mutants as shown in Figure 2-4 (B). 
 
Table 2-1 – AdcA mutants for DEER study 
Mutant 1 T60C/T98C Mutant 5 T98C/A233C 
Mutant 2 T60C/A233C Mutant 6 T98C/A259C 
Mutant 3 T69C/A333C Mutant 7 T98C/A333C 
Mutant 4 A73C/A259C Mutant 8 A233C/A333C 
 
A 
 
B 
 
Figure 2-4 – Positions of MTSL spin labels on the AdcA Cys-variants.  (A) Eight double-labelled 
mutants were designed for DEER experiments: Zn2+ metal ion – red spheres, α2β2 mobile loop 
containing His63 coordinating residue – in yellow, MTSL spin labels at the residues listed in Table 
2-1 – in different colours, connected via dashed lines representing each double-mutant.  (B) Two 
single-labelled mutants were designed for CW EPR experiments: 
Zn2+ metal ion – red spheres, α2β2 mobile loop – in yellow, MTSL spin label at T60C position 
(in magenta) and MTSL spin label at T98C position (in green). 
 
This choice of residues for labelling with an MTSL spin label allows access to distances 
between N- and C- lobes of AdcAN domain (e.g. AdcAT98C/A259C), and between the N-lobe and C-lobe 
of the AdcAN domain and the AdcAC domain (e.g. AdcAT98C/A333C and AdcAT233C/A333C respectively). 
It is interesting to observe the changes in the C- and N- lobe positions relative to each other or to the 
AdcAC domain in response to the event of Zn2+-binding in the Zn2+-bound protein state and the metal-
free state. 
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2.5.1.2 Labelling procedure 
The recombinant mutant AdcA protein in 10 μM was incubated with 100 μM S-(1-oxyl-
2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesolfonothionate (MTSL, Santa Cruz 
Biotechnology, Inc.) in a total of 1 mL solution at 4℃ for 24 hours under agitation. The free MTSL 
in the protein solution was then removed by dialysis using the SnakeSkin dialysis tubing 10 kDA 
MWCO (Thermo Fisher Scientific) against 1 L of buffer solution (20mM MOPS pH 7.2, 100mM 
NaCl) at 4 ℃ for 24 hours. Zn2+ (ZnCl2) was added to the protein solution in excess, with a ratio of 
[1:5] for DEER double-mutants and [1:5] or [1:100] for CW EPR single-mutants (see figure 
descriptions) to replenish lost metal ions from dialysis. The dialysed sample was subsequently 
concentrated to 500 μL using an Amicon Ultra-4 Centrifugal filter, 10 kDa MWCO and purified by 
size-exclusion chromatography using a Superdex 75 Increase 10/300 column (GE Healthcare Life 
Sciences). The purified sample was then concentrated to 100 μM using an Amicon Ultra-4 
Centrifugal filter, 10 kDa MWCO. 30% of d8-glycerol was added to make the protein more stable 
under ambient temperatures and while being flash-frozen for DEER measurements to prevent 
aggregation [75]. 
The d8-glycerol concentration affects the viscosity of the solution, and, as a result, the 
mobility of the protein in solution. Accordingly, for CW EPR mobility study, three concentrations of 
d8-glycerol were tested: 15%, 35% and 50%. Results generated using lower concentration (15%) are 
included in the main text, while the results from higher concentrations (35% and 50%) are provided 
in Appendix 2C. 
For DEER measurements 100 μL of the concentrated sample was loaded into a capillary tube 
and flash-frozen. As an alternative to a liquid nitrogen cooling bath (-196℃), a dry ice/acetone 
cooling bath (-78℃) was also tested. The results did not vary. Flash-freezing in liquid nitrogen was 
used for all other studies. 
2.5.1.3 EPR experimental parameters 
Q-band DEER data (ca. 33.3 GHz) at 55K were acquired on a Bruker X-/Q- Elex580 
spectrometer equipped with a pulse EPR Resonator (EN 5107D2) and a cryogen-free variable 
temperature cryostat from Cryogenic Limited (model PT415). The four-pulse DEER sequence was 
employed for all measurements; for the detection pulses at frequency A, the sequence was 
/2−τ1−− τ1− τ2−− τ2−echo, and the pump pulse at the frequency B was moved within the time 
τ1- τ2 of the refocused echo. The detection pulses were phase-cycled according to 
[+x, +x, +x, +; −x, +x, +x, −]. The detection microwave pulses employed lengths of 
tπ/tπ/2 = 16 ns/32 ns and the π pump pulse at frequency B had a duration of tπ = 12 ns. The pump pulse 
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was positioned at the maximum of the NO• signal intensity, and the detection pulse sequence was 70 
MHz lower in microwave frequency, i.e. B  A = 70 MHz. A variable τ1 time ranging from ca. 
140 – 200 ns (6 increments) was applied to average out potential distortions due to nuclear 
modulations caused by overlap of the excitation range of the pump and detection pulses. Time τ2 was 
made as long at the phase memory relaxation TM allowed, from ca. 3 s to 5 s (see data). Distance 
distributions were computed from the DEER time traces with the software DeerAnalysis (version 
2016) [37] using the Tikhonov regularisation option and a regularisation parameter in the range  = 
100 – 1000 or Gaussian model. In silico modelling of the MTSL spin label rotamer distributions for 
the various metal-free and Zn2+-bound protein conformations were computed using MMM 2018.2. 
[76]. 
CW X-band EPR measurements were performed at 277K, 287K, RT, 308K, 313K, 323K, 
333K and 343K in capillary tubes (1.5 mm OD) on a Bruker540 spectrometer equipped with a Bruker 
super-high Q cavity and ER 4131VT Variable Temperature Accessory. EPR spectra were recorded 
at a microwave frequency of ca. 9.4 GHz with modulation amplitudes and frequencies of 2 G and 
100 kHz, respectively. The microwave power was adjusted to 2 mW (20 dB) to provide non-
saturating conditions, unless otherwise specified. 
The simulation of the CW EPR spectra was performed using Matlab-based EasySpin package 
(version 5.2.16) [37] for the samples with Zn2+ (ZnCl2) added to the protein solution (35% d8-
glycerol) with a ratio of [1:5] in excess for the temperature range 298K – 343K and with a ratio of 
[1:100] in excess for T=298K and T=313K. 
2.5.1.4 Modelling DEER distance distributions from the experimental data 
The experimental DEER distributions were modelled using the set of structures generated 
from five independent MD runs, each run comprising 750 ns of simulation with conformations saved 
as PDB files at 1 ns intervals. After the MD simulations, each conformation was spin labelled in silico 
by attaching the spin label MTSL and computing rotamers for residues T60C, T69C, A73C, T98C, 
A233C, A259C and A333C. The MTSL rotamers were computed using the molecular modelling 
software MMM [40] using ambient temperature and the library R1A. Distance distributions were then 
computed for the eight pairs of labels: (1) T60C-T98C, (2) T60C-A233C, (3) T69C-A333C, (4) 
A73C-A259C, (5) T98C-A233C, (6) T98C-A259C, (7) T98C-A333C, (8) A233C-A333C. Each 
rotamer distance distribution ( )jiP r  (i = 1 to 8, j = 1 to 5  750) was normalised to a unit area. The 
eight distance distributions for each MD conformation were then arranged into a long column and the 
set of conformation into a matrix, A. The eight experimental distance distributions yi(r) (each 
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normalised to unit area) were arranged into a long column y and a fit to these experimental distance 
distributions was determined according to the equation: 
y=
1 2 3 5 750
1 11 1 1 1
1 2 3 5 750
2 22 2 2 2
1 2 3 5 750
3 3 3 3 3
1 2 3 5 750
8 8 8 8 8
( ) ( ) ( ) ( ) ... ( )
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( ) ( ) ( ) ( ) ... ( )
... ... ... ... ... ...
( ) ( ) ( ) ( ) ... ( )
y r P r P r P r P r
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 = Aω Eq. 2-1 
where ω is a column vector (of length 5750) containing the contributions (weightings) of each MD 
conformation to the modelled distance distribution, and yi(r) and ( )
j
iP r  represent columns containing 
the distance distributions (i = 1 to 8, j = 1 to 5750 conformations). Coefficients ω were determined 
by minimisation of the objective function 
q = (y  Aω)2 Eq. 2-2 
 
with the constraint that ω ≥ 0 (i.e. all coefficients ωj ≥ 0). This nonnegative linear least-squares 
problem was solved with the algorithm described by Lawson and co-workers [77] and as implemented 
in Matlab using the function ‘lsqnonneg’. The algorithm was discussed in Chapter 1 Section 1.4.3. 
The stability of the solution was checked by cross-validation by removing the structures from each 
of the five independent MD runs sequentially and examining the conformation space defined by the 
solution. No significant differences were obtained with respect to the protein conformational space 
defined by the solution. We additionally examined an algorithm based on an iterative approach 
described by Marko and Prisner [78] for constructing broad distance distributions from DEER data 
and the results were again very similar to those obtained from the ‘lsqnonneg’ algorithm (but inferior, 
as determined by the objective function Eq. 2-2). 
2.6 Results and Discussion 
2.6.1 DEER study 
The DEER distance distributions for the eight AdcA variants in the metal-free and Zn2+ bound 
states (listed in Table 2-1 and demonstrated in Figure 2-4 (A)) are shown in Figure 2-5 and Figure 1 
in Appendix 2C. 
For Zn2+-bound AdcA where a crystal structure is available, the DEER NO•-NO• distances 
show a good fit with the crystal structure analyses in terms of the mean of the distance distribution 
(Figure 2-5, Table 2-2). However, the crystal structure modelled distributions are generally narrower, 
which indicates that the protein is more dynamic in solution and occupies a number of conformations. 
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The difference between mean distances measured by DEER for metal-free and Zn2+-bound 
structures is not significant (˂ 4Å as indicated by the ratio 
[[(rmean(metal-free) - rmean(Zn2+))/ rmean(metal-free)]× 100%] in Table 2-2)), suggesting that Zn2+ binding 
introduces only minor changes in the protein conformations. In addition, there is almost no difference 
in the distance distribution widths (Figure 2-5, Table 2-2). The DEER data thus provide strong 
evidence that the metal-free AdcA state does not undergo major rearrangements upon Zn2+-binding. 
Since it was not possible to obtain a crystal structure of metal-free AdcA, DEER provides critical 
support for the metal-free AdcA model used in the MD analysis (as discussed further below). 
 
Figure 2-5 – Distance distributions between the NO-NO of MTSL incorporated into metal-free 
AdcA and Zn2+-bound AdcA Cys-isoforms at the indicated residues. Black line: experimental 
distance distributions computed from its DEER trace (see Figure 1 in Appendix 2C). Red line: Fit 
to the experimental data using the set of distance distributions generated from the five molecular 
dynamics runs (5 runs, 750 conformations in each run, MTSL added using MMM [76] after the 
MD computation). Blue line: Distance distributions computed using the Zn2+-bound AdcA crystal 
structure and adding MTSL in silico using MMM [76]. 
The AdcAT233A/A333C Cys-mutant shows the largest difference between mean distances in 
metal-free and Zn2+-bound states – 10.7%. The A333C-MTSL spin label is located on the AdcAC 
 36 
 
domain that also binds a Zn2+ ion, and the T233C-MTSL spin label is located on the helix on the 
AdcAN domain (Figure 2-6 (A)). Interestingly, the mutant AdcAT98C/A333C that similarly has one spin 
label located on the AdcAN helix (T98C) and the second spin label located on the AdcAC domain 
(A333C), did not show a decrease in distance distributions in the metal-free state in comparison with 
the Zn2+-bound state. T233C-MTSL is located on the C-lobe of the AdcAN domain, whereas T98C-
MTSL is sitting on the N-lobe of the same domain. When binding the Zn2+metal ion, the C-lobe might 
move closer to the AdcAC domain, while the N-lobe, in contrast, may move further away. In this case, 
the T98C/A333C distance may stay the same as in a metal-free state, or increase, as was observed in 
the experiment. Another reason causing this change in distance distribution might be a spin label 
reorganization. The changing environment can force the MTSL spin label to point to a different (or 
opposite) direction in the Zn2+-bound state, and, as a result, the change between mean distances will 
not reflect a translational movement of the protein structural parts but a rotation of e.g. a helix to 
which the label is attached. 
AdcAA73C/A259C mutants and AdcAT98C/A233C mutants also showed shorter distances in the 
Zn2+-bound state in comparison with their metal-free state. In such cases all labels are located on 
helices of the N-lobe of AdcAN (A73C-MTSL and T98C-MTSL) and C-lobe of AdcAN (A259C-
MTSL and A233C-MTSL) (Figure 2-6 (B)). This data characterises the reorganization of the two 
lobes relative to each other when binding a Zn2+ ion. 
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A 
 
B 
 
Figure 2-6 – Zn2+-bound AdcA crystal structure labelled with MTSL spin label rotamers. (A) 
AdcAT233A/A333C and AdcAT98C/A333C Cys-variants. (B) AdcAA73C/A259C and AdcAT98C/A259C Cys-
variants. The distances shown in red are calculated in PyMOL (in Å) between the two most 
probable MTSL rotamers. 
 
No significant change in DEER distance distributions between metal-free and Zn2+-bound 
states of AdcAT98C/A259C Cys-isoform was observed. The A259C-MTSL spin label is located on α8 
helix, while A233C-MTSL spin label is positioned on α7 helix. When binding a Zn2+ ion, these helices 
might be moving in different directions relative to each other, but still toward the N-lobe (toward 
T98C-MTSL spin label positioned on α3 helix). This relocation will shorten the mean NO•-NO• 
distances for AdcAA73C/A259C Cys-mutant and AdcAA98C/A233C Cys-mutant, but the NO•-NO• mean 
distance for AdcAA98C/A259C Cys-mutant either will not change or might get longer (as in the case of 
a diagonal twist), as was observed. 
DEER Structural Model 
A DEER structural model of the conformational variability of metal-free AdcA and Zn2+-
AdcA was derived using the complete set of MD trajectories (5 MD runs, 750 ns per run). To achieve 
this, each MD conformation was spin labelled with MTSL and distance distributions computed for 
the isoforms listed in Table 2-1. 
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Including the complete set of MD structures to model the DEER data resulted in computed 
distance distributions that are slightly broader than the observed experimental results (Figure 2-7). 
This amounted to setting all coefficients to 1, i.e. ω = 1 in Eq. 2-1 (y = Aω). 
Thus, an optimal set of MD structures was required that best fit the experimental DEER data, 
i.e. an optimal set of weightings for ω. The result of this fitting for both metal-free AdcA and Zn2+-
AdcA is shown in Figure 2-5 and Table 2-2. Cartoon representations of the structures are given in 
Figure 2-8 and statistics for selected structural elements are listed in Appendix 2C (Tables 1A, 1B, 
2A, 2B, 3A, 3B), together with the corresponding analysis of the ‘unfiltered’ MD trajectories (all 750 
conformations from the five independent MD runs). The structures from the best-fit DEER model in 
general covers the conformation space of the MD model. These data and the modelling thus indicate 
that Zn2+-binding only induces minor changes in global protein conformation. 
It was found that for metal-free AdcA and Zn2+-bound AdcA only 32 and 40 MD structures, 
respectively, were required to reproduce the DEER distance distribution optimally (lowest value of 
the objective function q, Eq. 2-2). Further examination of the stability of the solution was undertaken 
using cross-validation (i.e. removing 
1
5
 of the MD runs and computing a new solution) and removing 
the best-fit structures and looking then for the 2nd best model. The results from these tests showed 
that the various solutions provided a set of MD structures that cover a very similar conformation 
space as the best-fit DEER model. This was determined for each model by investigating the set of 
model structures (i.e. Figure 2-8) and their statistical parameters (i.e. Table 2-2 and Appendix 2C 
(Tables 1A, 1B, 2A, 2B, 3A, 3B). 
As can be seen in Figure 2-7, some simulated distance distributions are clearly outside of the 
experimental distance distribution range (e.g. see the range 40 – 50 Å for the mutant AdcAT60C/T98C), 
meaning that these MD simulated conformations are not present according to the DEER distance 
distributions. There are several possible reasons for this discrepancy. One potential cause is the 
difference between the MD simulation conditions and the DEER experimental conditions. DEER is 
performed on a frozen solution sample, while MD simulations are computed at room temperature. 
The process of flash freezing the DEER sample in liquid nitrogen takes ca. 10 ms or more, which 
may result in the frozen solution sample not being exactly representative of the protein 
conformational ensemble at room temperature. Another factor is the MD theory itself, which is 
largely empirical and limited to sampling conformation space for only relatively short time periods. 
Indeed, this is the reasoning behind the 5 independent MD runs: to help sample the conformation 
space more thoroughly (but certainly not exhaustively). Uncertainties in computation of the rotamer 
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distributions will contribute, but since computed distance distribution are generally broader than 
observed experimentally, this can be ruled out as a major cause. 
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Figure 2-7 – DEER compared to MD Structure Distance Distributions. DEER distance distributions 
for the set of double mutants for Zn2+-bound AdcA (red line), overlayed with distance distributions 
generated from MD simulation. Shown are all the MD distance distributions generated from one 
750ns long simulation run (750 structures, pdb files). Each MD structure was spin labelled using 
MMM and distance distributions calculated. Inspection of the data reveals that the full set of MD 
structures produces a set of distance distributions that are slightly broader than observed by 
experiment. Essentially the trend is obtained for the other four independent MD runs for Zn2+-
bound AdcA, and also for the metal-free AdcA data. 
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metal-free AdcA 
 
Zn2+-AdcA 
 
Figure 2-8 – Cartoon representation of the DEER model structures that give the best fit to the DEER 
distance distribution for metal-free AdcA (left) and Zn2+-AdcA (right). 
 
The DEER-fit Models are consistent with the smFRET analysis which was performed on two 
of the mutants, the AdcAA73C/A259C and AdcAT98C/A233C Cys-variants. The results showed only minor 
changes in FRET efficiencies (and thus distance) between metal-free and Zn2+-bound states (Table 4 
in Appendix 2C). The divalent chelating compound ethylenediaminetetraacetic acid (EDTA) (1mM) 
was added to Zn2+-bound AdcA, to demonstrate that the Zn2+ structure has a short lifetime and 
releases the Zn2+ metal ion in less than a few seconds (Figure 2 in Appendix 2C). 
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Table 2-2 – Selected distances between residues and the corresponding NO of MTSL from MD, the crystal structure, and DEER spectroscopy. 
Protein Sample MDa 
(C-C; Å) 
MD DEERb 
(C-C; Å) 
DD-Crystal 
rDDc / DDd, Å 
DEER (Tikhonov) 
rDD c/ DDd, Å 
DEER (Gaussian) 
rDD c/ DDd, Å 
∆rDDc (Gaussian), Å / 
% [(rDD(metal-free) - 
rDD(Zn2+)/ rDD(metal-
free)]×100 
metal-free 
AdcAT60C/T98C 
22.5 ± 5.8 
23.2 ± 6.1 
 24.9 / 5.3 
25.0/6.6  
Zn2+-AdcAT60C/T98C 27.7 ± 4.3 21.8 ± 3.8 26.2 / 5.5 26.5/4.8 26.7/5.3 + 1.7 / +6.8% 
metal-free 
AdcAT60C/A233C 
32.7 ± 4.8 
33.6 ± 4.5 
 37.2 / 3.4 
37.6/2.9  
Zn2+-AdcAT60C/A233C 28.7 ± 3.7 31.5 ± 2.8 34.8 / 6.4 38.1 / 6.8 38.3/6.7 + 0.7 / +1.9% 
metal-free 
AdcAT69C/A333C 
58.2 ± 3.0 
58.1 ± 4.2 
 67.1 / 34.7 
Peak 1: 48.2/2.66; 
Peak 2: 62.5/6.1 
 
Zn2+-AdcAT69C/A333C 45.2 ± 10.1 55.3 ± 3.7 57.5 / 7.4 66.5 / 30.6 Peak 1: 48.6/3.1; 
Peak 2: 62.9/6.1 
+ 0.4 / +0.8% 
+0.4 / +0.6% 
metal-free 
AdcAA73C/A259C 
45.8 ± 3.5 
45.4 ± 3.2 
 52.5 / 11.1 
57.1/16  
Zn2+-AdcAA73C/A259C 44.2 ± 3.1 43.1 ± 2.8 46.6 / 5.9 49.9 / 12.1 53.6/14.9 - 3.5 / - 6.1% 
metal-free 
AdcAT98C/A233C 
46.8 ± 4.5 
53.9 ± 5.3 
 53.4 / 23.3 
55.4/12.8  
Zn2+-AdcAT98C/A233C 49.9 ± 6.6 50.1 ± 5.4 48.7 / 6.4 51.2 / 23.1 51.8/12.6 - 3.6 / - 6.5% 
metal-free 
AdcAT98C/A259C 
44.7 ± 4.5 
52.8 ± 5.4 
 53.2 / 17.5 
53.8/13.7  
Zn2+-AdcAT98C/A259C 49.4 ± 6.8 48.2 ± 4.9 49.9 / 5.9 51.6/15.3 54.5/13.8 + 0.7 / +1.3% 
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metal-free 
AdcAT98C/A333C 
61.9 ± 4.2 
59.0 ± 4.2 
 62.3 / 24.0 
58.7/9.9  
Zn2+-AdcAT98C/A333C 44.6 ± 9.3 55.8 ± 6.0 54.4 / 6.6 62.6 / 26.9 59.4/11.1 + 0.7 / +1.2% 
metal-free 
AdcAT233C/A333C 
36.9 ± 6.8 
37.0 ± 6.3 
 41.3 / 16.1 
44.7/14.4  
Zn2+-AdcAT233C/A333C 37.8 ± 5.3 37.5 ± 4.6 39.3 / 7.4 38.1 / 9.6 39.9/10.8 - 4.8 / -10.7% 
a. Calculated mean C - C distance ( S.D.) from the last 250 ns of the 750 ns MD simulations in the AdcA Cys-variants in the metal-bound or metal-free states as 
indicated. 
b. Calculated mean C - C  distances ( S.D.) from the set of DEER Model structures 
c / d rDD is the mean inter-residue distance (NO
-NO;Å) and DD is the width of the DEER distance distribution (DD) 
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2.6.2 CW EPR study to access the mobility of the α2β2 loop 
One of the most informative applications of CW EPR is to study the dynamics of a protein 
via an attached spin label molecules. The motional averaging of CW EPR spectra is a result of 
molecular motion (a combination of spin label and protein dynamics) and can be analysed to provide 
information about the molecular mobility of the protein to which the spin label is attached. 
To evaluate the mobility of the α2β2 loop in solution, two single-labelled Cys-variants 
AdcAT60C and AdcAT98C in the metal-free and Zn2+ states were investigated via X-band CW EPR at 
different temperatures. The T60C residue is located on the α2β2 loop, while the T98C residue is 
located on a stable, rigid helix away from the α2β2 loop. The T98C-MTSL spin label is thus used as 
a relative reference for the mobility of the T60C residue, which our AdcA structural model indicates 
is mobile and dependent upon the AdcA state, metal-free or Zn2+-bound. 
X-band CW EPR spectra at different temperatures, with different glycerol and Zn2+ content, 
were examined in the course of this study. Best results were obtained with 35% glycerol and an 
[AdcA:Zn2+] ratio of [1:100] (Figure 2-11 below). However, we start the description of the data from 
samples with 15% glycerol and an [AdcA:Zn2+] ratio of [1:5] (Figure 2-9) to highlight general 
characteristics and the way in which the measurement conditions were optimised. 
In accordance with the data shown in Figure 2-9, Zn2+-AdcAT60C is more stable with 
temperature increase. At T = 323K (Figure 2-9 (A)) the lineshape of the metal-free AdcAT60C 
spectrum starts to become narrower and it maintains the same tendency with further temperature 
increase. This implies that the T60C-MTSL spin label located on the α2β2 loop of the metal-free 
AdcAT60C becomes more mobile, while in the Zn2+-AdcAT60C mutant it is less mobile at the same 
temperature. There is a noticeable difference in the label mobility between metal-free and Zn2+-bound 
structures at 333K. However, at T = 343K the difference almost disappeared. Presumably, the 
AdcAT60C Cys-mutants in both states unfolded at that temperature, and the CW EPR spectrum starts 
to resemble a spectrum from a free MTSL spin label in solution (three sharp lines due to hyperfine 
interaction between an electron spin s = 
1
2
 and a nitrogen nucleus spin (N=1). 
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Figure 2-9 – CW EPR measurements in the temperature range 277 – 343K for the metal-free or 
Zn2+-bound states of AdcA in 15% d8-glycerol. Zn2+ (ZnCl2) were added to the protein solution 
in excess with a ratio of [1:5]. (A) AdcAT60C Cys-mutant (spin label is on the α2β2 loop). (B) 
AdcAT98C Cys-mutant (spin label is out of the α2β2 loop, but on a more stable helix). 
 
As can be seen in Figure 2-9 (B), at T = 323K, the metal-free AdcAT98C mutant partially 
aggregated and the lineshape became significantly broader. This can be prevented by increasing the 
glycerol content from 15% to 50%, as shown in Figure 4 in Appendix 2C, where there was no 
aggregation observed with the temperature increase. Note, however, that the higher glycerol content 
and thus higher viscosity of the solution slows the MTSL mobility and broadens the CW EPR 
spectrum. This glycerol content clearly needs to be kept constant between samples to enable 
comparison between them. 
At 277K (see Figure 2-9) there was no noticeable difference between metal-free and Zn2+-
bound AdcAT60C, or between metal-free and Zn2+-bound AdcAT98C (see also Figure 9 in Appendix 
2C). T60C-MTSL was expected to be more mobile in the metal-free AdcAT60C sample, and less 
mobile in Zn2+-bound AdcAT60C, if we suppose that the mobile α2β2 loop is restricted after binding a 
Zn2+ ion. Note that the CW EPR spectrum lineshape, under a given set of experimental conditions, is 
determined by mobility that is contributed to by spin label rotation around its linker and protein 
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backbone movement. Most likely, the T60C-MTSL has more freedom to rotate around its own bonds 
(of the linker region) even when the loop itself becomes less mobile, while the T98C-MTSL is located 
on a helix which has very limited freedom to move. However, if we compare the CW EPR spectra at 
T = 277K of metal-free AdcAT60C with those of metal-free AdcAT98C (Figure 2-10 (A)), and Zn2+-
AdcAT60C with Zn2+- AdcAT98C (Figure 2-10 (B)) on one graph, the AdcAT60C mutant shows narrower 
EPR spectral lines in both states, metal-free and Zn2+-bound. This finding provides strong 
experimental evidence that the α2β2 loop of the AdcAT60C Cys-mutant is more mobile than the region 
of the AdcAT98C isoform. 
A 
 
B 
 
Figure 2-10 – CW EPR spectra of AdcA in metal-free and Zn2+-bound states single-labelled with 
MTSL in 15% d8-glycerol at T = 277K. Zn2+ (ZnCl2) was added to the protein solution in excess 
with a ratio of [1:5]. (A) metal-free AdcAT60C vs. metal-free AdcAT98C. (B) Zn2+-AdcAT60C vs. 
Zn2+-AdcAT98C. 
 
The CW EPR measurements were repeated at room temperature (RT) and at T = 313K for the 
same Cys-mutants (AdcAT60C and AdcAT98C) in metal-free and Zn2+-bound states with a higher Zn2+ 
(ZnCl2) ratio – [1:100], and in 35% d8-glycerol to prevent aggregation of the protein samples.  This 
large Zn2+ excess should ensure all AdcA contains Zn2+ bound. The difference between these results 
and those observed for the samples with [1:5] ratio of Zn2+ is the more distinguishable broadening of 
the AdcAT60C CW EPR lineshape at higher temperature in comparison with the AdcAT98C CW EPR 
lineshape (Figure 2-11). This broadening could in principal be caused by partial aggregation of the 
AdcAT60C Cys-mutant. However, all previous measurements showed that at these temperatures, Zn2+-
bound AdcA does not aggregate. Additionally, 35% of d8-glycerol should be enough to improve 
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protein stability. Thus, the broadening is due to the restriction of the MTSL spin label mobility upon 
Zn2+ binding. 
By careful optimisation of the experimental conditions, the above results show that the α2β2 
loop is indeed mobile and that its mobility is restricted upon Zn2+ binding. This analysis was done on 
a qualitative basis by visual examination of changes in the CW EPR linewidths. In the following we 
attempted to simulate key CW EPR spectra to characterise the findings quantitatively in terms of 
correlation times of the spin label’s motion. 
 
A 
 
B 
 
Figure 2-11 – CW EPR spectra of AdcAT60C and AdcAT98C in metal-free and Zn2+- states in 35% 
d8-glycerol solution. Zn2+ (ZnCl2) was added to the protein solution in excess with a ratio of 
[1:100]. (A) AdcAT60C –metal-free/Zn2+ vs. AdcAT98C –metal-free/Zn2+ at RT (298K); (B) 
AdcAT60C –metal-free/Zn2+ vs. AdcAT98C –metal-free/Zn2+ at 313K. 
 
2.6.3 X-band CW EPR spectra simulation to characterise mobility 
The aim of the simulation is to define the change of spin mobility with the change of 
temperature, depending on the spin location (T60C – on the mobile loop, T98C – outside of the mobile 
loop, on a helix on a rigid part of the protein) and protein state (metal-free or Zn2+-bound). The 
orienting potential coefficients 
2
0C  and 
2
2C  and rotational correlation time τC were estimated for the 
best set of data (35% glycerol and a [AdcA:Zn2+] ratio of [1:100] (Figure 2-11)) and are provided in 
Table 2-3. The mutants were measured at T=298K and T=313K. The simulation for the samples with 
35% glycerol and a [AdcA:Zn2+] ratio of [1:5] were performed for the temperature range of 298-343K 
to highlight general characteristics with more temperature points. The results showed similar trends. 
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Herein we discuss only the set of samples with 35% glycerol and a [AdcA:Zn2+] ratio of [1:100]. The 
results for the samples with 35% glycerol and a [AdcA:Zn2+] ratio of [1:5] are provided in Appendix 
2C (see Note 1). 
The best fit to the experimental data was found via a Least Squares algorithm. The g-value 
and hyperfine coupling were fixed throughout the simulation to those determined in frozen solution 
(rigid sample): g-tensor [2.0060, 2.0060, 2.0024] and hyperfine coupling A [18 18 96] MHz [13]. The 
assumption was made that there is a Lorentzian line broadening of 0.1 G. The results of the simulation 
are provided in Table 2-3 and in Figure 2-12 for T = 298K. The simulation for the T=313K is provided 
in Figure 14 in Appendix 2C. 
 
Table 2-3 – Parameters of the simulation of the X-band CW EPR spectra of AdcAT60C Cys-mutant 
and AdcAT98C Cys-mutant. The simulation was run for the protein samples in 35% d8-glycerol 
with Zn2+ (ZnCl2) added with a ratio of [1:100] in excess. Simulations used:  
 g-tensor [2.0060, 2.0060, 2.0024] [13], hyperfine coupling A [18 18 96] MHz [13]. 
  AdcAT60C mutant AdcAT98C mutant 
T, K State τC, ns 2
0C  
2
2C  
τC, ns 2
0C  
2
2C  
298K -metal-
free 
2.0369 2.3039 2.0933 2.5969 3.0674 1.7199 
-Zn2+ 2.4413 1.3820 1.3140 2.9529 2.3602 1.3220 
313K -metal-
free 
1.4122 1.5667 1.3040 1.8875 0 1.1224 
-Zn2+ 2.3299 1.1139 1.1535 2.4809 0 1.0626 
The simulation was performed assuming that there is only one “slow-motion” component 
involved. Meanwhile the experimental spectra potentially show the presence of an additional very 
small but “fast-motion” component that is more distinct at higher temperatures (Figure 10 and Figure 
11 in Appendix 2C). Presumably, the “fast motion” component (superimposed on the mI = –1, see 
blue arrow in Figure 2-12) is a contribution from either unfolded protein or detached free spin label 
in the sample. The second model was not included in the simulation because the component cannot 
be identified/assigned reliably, and also varies from sample to sample depending on the temperature. 
The typical spectrum appearance in the presence of a small quantity of free spin label has been 
observed and described by Pilar and co-workers in their work with TEMPONE spin label attached to 
the polystyrene molecule [31]. In our case, all samples were carefully purified after the labelling 
procedure before measurements. This should have excluded any possibility of free spin labels in 
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solution. Interestingly, the same effect was observed in both samples at lower temperatures. 
Considering the fact that the disulfide bond between MTSL and Cys-residue is stable under our 
sample conditions, bond breakage is unlikely. Sezer and co-workers [79] simulated CW EPR spectra 
of nitroxide spin label 1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl-methanethiosulfonate (MTSSL) 
attached to a polyalanine α-helix of T4 Lysozyme [80] in explicit solvent using its Molecular 
Dynamics (MD) trajectories. The goal was to study the factors affecting the structural conformations 
and the resulting spectral lineshape. Simulated at 298K, CW EPR spectra did not show the same 
effect as was observed in our case. However, the viscosity of the solution and size of a protein 
molecule and labelling environment will affect spin label tumbling rate, so result are clearly not 
directly transferable. The T4 Lysozyme studied by Sezer and co-workers is a relatively small 
molecule (approx. 18.6 kDa [81]) and tumbles faster than AdcA (approx. 60 kDa (Submitted Paper)). 
Overall, the observed reason for the small sharp line in the AdcA CW EPR spectra should be 
investigated further, but is outside the scope of this study. 
The best Least Squares computed parameters of the rotational correlation time τC and orienting 
potential coefficients did not provide a perfect fit to the experimental data. However, the common 
trends are in agreement with the previous analysis. The rotational correlation time τC calculated for 
both mutants stays higher for Zn2+-bound AdcA, meaning that MTSL is less mobile when it resides 
on the protein structure in the Zn2+-bound state. τC calculated for AdcAT60C is lower than τC calculated 
for AdcAT98C, supporting the fact that the α2β2 is a mobile loop (Table 2-3). At high temperature τC 
for both Cys-mutants, AdcAT60C and AdcAT98C, as was expected, had lower values (MTSL became 
more mobile). However, at T=313K, τC decreased less for the mutants in the Zn2+-bound state than 
for the mutants in a metal-free state, which means that Zn2+-bound mutants are more stable. 
  
 50 
 
A 
 
B 
 
C 
 
D 
 
Figure 2-12 – EasySpin [37] simulation of the X-band CW EPR spectra at T = 298K for (A) metal-
free AdcAT60C, (B) Zn2+-bound AdcAT60C MTSL-labelled Cys-mutants and (C) metal-free 
AdcAT98C, (D) Zn2+-bound AdcAT98C MTSL-labelled Cys-mutants. Experimental results (in 
black) versus Least Squares fit (in red dotted). The blue arrow points to a sharp feature that is not 
a modelled component. The simulation was run for the protein samples in 35% d8-glycerol with 
Zn2+ (ZnCl2) added with a ratio of [1:100] in excess. Note on abbreviations: tcorr is the rotational 
correlation time in ns (τC in the text and in Table 2-3), OP=[
2
0C , 
2
2C ] – orienting potential 
coefficients (see Chapter 1 Section 1.3.1 for the theory). 
 
2.6.4 AdcA “trap-door” binding mechanism 
The presence of an A-I cluster (AdcAN domain) in the protein AdcA is essential and sufficient 
for Zn2+ acquisition (Submitted Paper). Therefore, in this project, the main focus was on studying the 
conformational changes happening within this domain upon ligand binding to identify the Zn2+-
binding mechanism distinguishing AdcAN from other SBPs. 
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As was discussed earlier, our data show that AdcAN does not show significant conformational 
changes upon Zn2+-binding. In contrast, significant conformational changes were observed in the 
Mn2+-specific cluster A-I SBP PsaA protein from S.pneumoniae. Based on crystal structures of PsaA 
in the metal-free -state (PDB 3ZK7 [57]), Zn2+-bound/closed (PDB 1PSZ [82]) and Mn2+-
bound/closed (PDB 3ZTT [51])) forms, a mechanism for Mn2+ acquisition was developed and called 
a “spring-hammer” mechanism [57]. This protein is the focus of a preliminary DEER study which is 
described in Chapter 3, where further details are given. Using these PsaA structures and 
complementary MD computations, the structural rearrangement of the “spring-hammer” mechanism 
could be characterised thus: the “swinging” metal-binding residue Glu205 (aka “hammer”) “pushes 
onto or pulls away from an almost static metal-binding site (defined by His67, His139 and Glu280)” 
and is dependent on the state of the protein linking helix (residue 188-194, “the spring”) [57]. A 
comparison of the Zn2+-bound AdcAN and Mn2+-bound PsaA crystal structures is shown in Figure 
2-13 with the “spring-hammer” helix (in red) for PsaA highlighted with a light-blue arrow. 
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Figure 2-13 – Crystal structures of Mn2+-specific S.pneumoniae PsaA in the metal-free  state (PDB 
3ZK7 [57] in grey) and Mn2+-bound state (PDB 3ZTT [51] in orange) overlapped with the crystal 
structure of the AdcAN domain with a bound Zn2+ ((Submitted Paper), in yellow). α2β2 loop 
(representative residue T60C) is shown as a red region on the yellow AdcAN crystal structure. This 
loop has approximately the same “closed” position for PsaA in both metal-free and Mn2+-bound 
states. For PsaA crystal structures it can be seen that the “spring-hammer” helix (shown in red for 
both PsaA crystal structures on the right lobe, AdcAN representative region is residues 225-250) is 
moving toward the “closed” position when binding Mn2+ (shown with a light-blue arrow). Contrary 
to this, the same region on the AdcAN in Zn2+-bound state stays in the “open” position which shows 
that the “spring-hammer” mechanism does not occur for the AdcAN Zn2+-binding process. MTSL 
rotamers are shown in blue sticks. 
 
To further interrogate the conformational changes occurring in AdcAN upon metal binding, 
the structural changes occurring in PsaA to those from AdcAN are compared using the DEER data. 
For this analysis, distance distributions for PsaA were computed using the metal-free and Mn2+-bound 
(and Zn2+-bound for the completeness of the analyses) crystal structures. For PsaA only limited 
experimental DEER data are available (see Chapter 3) and thus MTSL spin labels were added in silico 
using the software MMM [76] and the same labelling pattern (equivalent residue positions) as that 
used for the AdcAN DEER experiments. The residue positions used for PsaA and AdcA are shown in 
Table 2-4. The results of this analysis are shown graphically in Figure 2-14. Modelling of the DEER 
data in Chapter 3 showed that the DEER distance distributions agree well with those predicted from 
the crystal structures, and that the mean of the experimental distance distributions was within 3Å of 
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the one modelled from the crystals structures. This difference is at the limit of accuracy of the 
modelling, as an error of 3Å is expected from computation of the spin label rotamers [83]. Taken 
together, this indicates that the PsaA crystal structure provides a good model for in silico spin 
labelling and distance distribution calculations. 
 
Table 2-4 – Residues associated with AdcA Zn2+-binding protein’s residues chosen for DEER 
study 
AdcA Zn2+-bound 
(Submitted Paper) 
S.pneumoniae PsaA –metal-free 
PDB 3ZK7 
S.pneumoniae PsaA Zn2+-bound 
PDB 1PSZ 
T60 Q64 Q64 
A73 K77 K77 
T98 N106 N106 
A233 E234 E234 
A259 R260 R260 
K74 V76 V76 
E237 K237 K237 
 
As can be seen from Figure 2-14, AdcA DEER distance distributions are broader in general 
than PsaA simulated distance distributions, which reflects the single conformation of a single-crystal 
as compared to the conformation distribution of a protein in solution. The key metric is the difference 
between mean distance of the distance distributions calculated for metal-free and Zn2+-bound 
conformations of the same protein. As can be seen from Figure 2-14, PsaA mutants show larger 
difference between mean distances in metal-free and Zn2+-bound states when one spin label is 
attached to a residue on the “hammer” region: PsaAQ64C/E234C (AdcAT60C/A233C), PsaAK77/R260 
(AdcAT73C/A259C), PsaAN106/E234 (AdcAT98C/A233C), PsaAN106/R260C (AdcAT98C/A259C), while there is no 
significant difference for the mutant PsaAQ64/N106 (AdcAT60C/T98C), where both labels are located 
outside of the “hammer” region. In comparison, AdcA mutants have only an insignificant difference 
or no noticeable difference in mean distances between the distance distributions from metal-free and 
Zn2+-bound states. This result provides strong evidence that the “spring-hammer” mechanism does 
not occur in the case of AdcAN. 
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Figure 2-14 – Metal-free (shown as apo-) and metal-bound distance distributions from AdcA and 
PsaA compared. DEER distance distributions measured for metal-free (shown as apo-) AdcA 
(cyan) and Zn2+-bound AdcA (magenta). For PsaA, distance distributions were simulated from 
available crystal structures. Metal-free (shown as apo-) PsaA in blue, and Mn2+-bound PsaA and 
Zn2+-bound PsaA in red. Simulations were performed using MMM. The “spring-hammer” 
conformational changes in PsaA are very similar when either Mn2+ (left) or Zn2+ (right) bind, and 
both cases are shown for completeness. 
 
An analysis of MD simulations (using a starting structure based on a AdcA crystal structure) 
of the region associated with the “spring-hammer” mechanism in PsaA (residues 225-250) was 
performed and did not exhibit any large dynamical movement, as indicated by low RMSF values 
(Figure 2-15) (Submitted Paper). It was shown that the linking α-helix in the AdcA A-I cluster is not 
involved (at least significantly, in comparison with PsaA) in the ligand-binding process and does not 
undertake major conformational changes. 
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Figure 2-15 – Analysis of PsaA and AdcA conformations from MD simulation data graphed, is 
the Root Mean Square Fluctuations (RMSF) of residues (C atoms) versus residue number. (A) 
RMSF analysis of metal-free AdcAN (residues 27 to 310) in comparison to (B) metal-free PsaA. 
Residues corresponding to the flexible component of the lobe-linking -helix involved in the 
“spring-hammer” mechanism of PsaA (residues 225-250), are indicated by a grey bar. For AdcAN 
RMSF values were calculated using data from the last 250 ns of each of the five independent 
750-ns simulations. For PsaA, RMSF values were calculated using data from the final 20 ns of 
three independent 50-ns simulations from a previous study [84]. In both images the different 
coloured graphs represent data from independent simulations. This figure was adapted from the 
(Submitted Paper). 
 
Molecular Dynamics (MD) simulation of the four loops containing the coordinating residues 
of AdcAN (His 63 – α2β2 loop, His140 – α4β4 loop, His204 – α6β5 loop, Glu279 – α10β8 loop) was 
performed. No significant conformational changes between metal-free and Zn2+-bound states were 
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observed, apart from the higher mobility of the α2β2 loop in the metal-free state that was noticeably 
reduced in the Zn2+-bound state. 
Collectively, the obtained data allowed us to propose a mechanism of ligand-binding used by 
the AdcAN protein that is illustrated in Figure 2-16 and called a ‘trap-door’ mechanism (Submitted 
Paper). In the metal-free  state of AdcAN the loop is more mobile, providing better accessibility of 
the metal-binding site to a solvent (Figure 2-16 (A)). Upon Zn2+ ion binding, the α2β2 loop (His63 
residue) is pushed toward the metal aka “closing door” (Figure 2-16 (B)) until it is “closed” in the 
Zn2+-bound state (Figure 2-16 (C)). 
 
Figure 2-16 – Illustration of the “trap-door” mechanism of Zn2+ acquisition by AdcA: (A) metal-
free AdcA when the Zn2+ ion is coming in, “the door” is open; (B) transition state: Zn2+ is bound 
by three almost static residues (His140, His204 and Glu279), “the door” is closing; (C) Zn2+-
bound AdcA, “the door” is closed, and the fourth coordinating residue (His63) has been pushed 
towards the other three coordinating residues. 
2.7 Conclusions and future directions 
In this chapter CW EPR and DEER were used to provide more insights into the structural 
mechanism of Zn2+ acquisition by ABC importers mediated by SBP AdcA. The CW EPR and DEER 
findings add to and are consistent with our biochemical and structural analyses (crystal structures, 
differential scanning fluorimetry (DSF), Molecular Dynamics simulation, and smFRET microscopy), 
and with prior work. 
CW EPR results confirmed the higher mobility of the α2β2 loop (residues 55-65) in metal-
free AdcAN in contrast with Zn2+-bound AdcAN state. This was achieved by comparing the spectral 
lineshapes of AdcAT60C and AdcAT98C in metal-free and Zn2+-bound states. The difference between 
metal-free and Zn2+-bound states of AdcAT60C Cys-mutant was small but significant. The CW EPR 
data are well supported by MD simulations that were performed on the four loops which contain the 
metal coordinating residues (α2β2 (His63), α4β4 (His140), α6β5 (His204), α10β8 (His279)). This 
study revealed that loop 22, which contains His63, had the highest mobility and solvent 
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accessibility of the four regions in the metal-free and Zn2+-bound states of AdcA. Further, it was the 
only region to have a statistically significant difference in mobility between the metal-free and Zn2+-
bound states. Loop 65 (His204) also showed some mobility, but this was not significantly different 
between the metal-free and Zn2+-bound states. By contrast, loops 108 (Glu279) and 44 (His140) 
showed low mobility in either state, suggesting that these Zn2+-coordinating residues contribute to a 
largely preformed metal binding site (Submitted Paper). 
Computational simulation of the CW EPR spectra was carried out with the aim to characterise 
the dynamics parameters using the rotational correlation time (τC) and orienting potential coefficients 
of the spin labels sitting on the protein molecule in different states, with Zn2+and without Zn2+. 
Although the simulation does not fit the experimental data very accurately, the calculated rotational 
correlation time (τC) decreases with a temperature increase which is in agreement with expectation 
(MTSL label becomes more mobile at higher temperature). MTSL residing on the AdcAT98C Cys-
mutant in both states (with Zn2+-bound and metal-free) has higher rotational correlation time than 
MTSL residing on the AdcAT60C Cys-mutant. This means that the T60C-MTSL spin label located on 
the α2β2 loop is more mobile than the T98C-MTSL spin label located on a helix in a rigid part of the 
protein. In both cases, τC of MTSL residing on Zn2+-bound Cys-mutants are higher than τC of MTSL 
residing on metal-free Cys-mutants, which supports the fact that Zn2+-bound protein is more stable. 
DEER data from eight double mutants of metal-free and Zn2+-bound states of AdcA were used 
to determine structures in frozen-solution. Q-band DEER distance distributions measured on the Zn2+-
bound AdcA mutants showed a reasonable fit with the crystal structure model in terms of the means 
of the distance distributions. However, the DEER data are broader than simulation of the distance 
distributions from the crystal structure, showing that the protein molecule has more conformations in 
solution. To model the DEER data, a comprehensive set of MD structures (5x750 in total) from both 
metal-free and Zn2+-bound states was employed. Distance distributions from the full set of MD 
structures were slightly broader than observed experimentally. This may be due to limitation in the 
MD theory, or the different conditions (MD at room temperature, DEER in frozen solution). To 
account for this, the full set of MD structures were used to fit the DEER data. This fitting procedure 
yielded very good fits to the DEER distance distributions from a sub-set of the MD conformations. 
Importantly, the data as a whole, (both experimental and structural models), show conclusively that 
only small changes in the mean distances are revealed between metal-free and Zn2+-bound 
conformations. Thus, there are no large conformational changes taking place when the protein binds 
Zn2+, in contrast to other SBP such as PsaA (see Chapter 3). To further support these findings, 
extensive statistical RMSD analysis of the C atom positions was done on the MD structures 
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“filtered” with the DEER constraints (DEER model). The results are in good agreement with the 
general trends from the full MD analysis, with the structural variation being less in the DEER model. 
The DEER results were also in agreement with distance changes implied at RT from smFRET 
for the samples investigated, AdcAA73C/A259C and AdcAT98C/A233C. 
Combining all the data from the other biophysical techniques with the CW EPR and DEER 
data allowed a new Zn2+-binding mechanism for AdcA Zn2+-binding protein to be developed 
(Submitted Paper). In metal-free AdcA, loop 22 is highly mobile, which increases the solvent 
accessibility of the metal-binding site. Upon interaction with Zn2+, the metal-coordinating residue 
(His63) of loop 22 initiates closing of the metal-binding site as the loop is pulled onto it. The Zn2+-
induced stabilization of the loop decreases the solvent access to the metal-binding site. The highly 
solvent accessible structural elements, the His-rich loop and the AdcAC domain, help recruit Zn2+ 
from the bulk solvent and promote its proximity to the AdcAN metal-binding site. The reduction in 
mobility upon metal-binding allows the glutamate residues within these regions to interact with the 
cognate ABC transporter and communicate the ligand occupancy status of the SBD. In summary, the 
metal-binding mechanism in AdcA is more akin to a ‘trap-door’, in which the protein conformational 
changes can be summarized as a mobile region (loop 22, ‘open trap-door’) that pushes onto a 
(mostly) static metal-binding site (His140, His204 and Glu279) and closes (‘shut trap-door’) upon 
metal binding. 
In general terms, protein molecules move in a complex way and do not have just one structure. 
A strength of DEER is the ability to measure this conformation space. MD simulations provide a 
valuable and necessary tool to use with DEER to model this conformation space. However, MD 
simulation must be sufficiently long to catch all important conformations. This is challenging from a 
computation time point of view. This process can perhaps be improved by using the MD with the 
DEER spin label distance constraints directly included [85]. The current data offer an ideal system in 
which to develop and calibrate these approaches further.  
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Chapter 3. Understanding Mn2+-binding in the solute-binding 
protein PsaA using pulse Electron Resonance Spectroscopy in 
conjunction with structural models 
3.1 Pneumococcal PsaA as a promising anti-microbial drug target 
Acquisition of transition metal ions (Fe3+, Zn2+, Mn2+, etc.) from the host environment by 
bacterial pathogens, including S. pneumoniae, plays a key role in the proliferation and propagation of 
bacteria [86]. Studies show that Mn2+ is an essential metal ion for all domains of life and is employed 
in a vast range of cellular processes, such as oxidative stress response, carbon metabolism, 
phosphorylation, etc. [87]. It also has been shown that Mn2+ starvation leads to interruption of 
bacterial propagation [51, 88-93]. Logically, disruption of the Mn2+ uptake is of significant interest 
for fighting pneumococcal infections. Understanding of the process of Mn2+ acquisition is therefore 
the first step towards reaching this goal. 
In Chapter 2, it was discussed that the ATP-binding cassette (ABC) transport system is a main 
transport mechanism that the bacteria use to capture required metal ions from the extracellular 
environment. This mechanism is unique to prokaryotes. The general structure of ABC transporters 
was discussed in detail in Chapter 2. It is important to reiterate that an ABC transporter does not 
directly sequester the ligand (transition metal ion), but interacts via an assisting metal-binding protein 
known as a solute-binding protein (SBP). This study focuses on a structural characterisation of the 
interaction between Pneumococcal surface antigen A (PsaA, a Mn2+-specific SBP in S. pneumonia) 
and the metal ion, to reveal how it defines the function of the Mn2+-specific ABC-transporter 
PsaBCA. This knowledge will help in the development of new therapeutic approaches targeting the 
essential Mn2+ uptake pathway by PsaBCA to treat pneumococcal infections. 
PsaA has a two-lobed structure, comprising N- and C-terminal (β/α)4-domains linked by a 
rigid helix. The Mn2+-binding site is situated at the interface between the two domains (Figure 3-1) 
[51, 82]. The domain-linking helix plays a crucial role in the metal-binding process. Its length differs 
between different SBPs of the cluster A-I subgroup. In PsaA the linking helix is longer than, for 
example, in SBP LivJ [94]. Counago and co-workers [57] compared several crystal structures in open 
(metal-free) and closed (metal-bound) states and suggested that the movement of the linking helix in 
PsaA is restricted, which implies that the structure of PsaA is relatively rigid. They showed that the 
C-domain undertakes a relatively minor rotation (~13°) around a pivoting point which is located on 
the linkage area (residues 190-194). In contrast, SBP LivJ showed significantly more mobility in that 
region [57, 94]. 
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However, the crystal structures do not necessarily represent the structural states in solution; 
hence these structures might not provide a full picture of the protein behaviour (conformations) in 
solution. To access this information, we will use double electron electron resonance (DEER) to 
characterise the solution structures in various states (metal-free and with Mn2+- and Zn2+- bound) and 
compare the DEER solution data (strictly speaking frozen-solution data) directly with the 
corresponding crystal structures (metal-free and with Mn2+- and Zn2+- bound) to help validate or 
otherwise the model of ion binding and transport which have has been developed principally via 
analysis of crystal structures. 
3.2 Preliminary findings 
A/Prof. Chris McDevitt (University of Melbourne) and colleagues developed the PsaBCA 
activity assays and showed that the transported PsaBC is active only when both PsaA and Mn2+ are 
present [89]. PsaA is promiscuous to other metal ions, such as Zn2+ [51, 57, 88, 89]. However, the 
functionality of the transporter PsaBC is not activated by Zn2+-bound PsaA, which prevents a 
translocation of the wrong metal ion [89]. 
It was shown that Zn2+ locks the protein in a closed state irreversibly, while the reversible 
binding of Mn2+ to PsaA most likely arises from the asymmetrical distribution of metal-coordinating 
atoms in the protein. It might be connected to its ability to transport the ligand to PsaBC [57]. 
Interestingly, the crystal structures of closed Zn2+-bound and closed Mn2+-bound PsaA are 
indistinguishable overall [51, 82]. This similarity between the two metal-bound structures makes it 
unclear how PsaA functions as part of a Mn2+-specific Psa permease [57]. To elucidate the role of 
this ABC transporter in metal ions acquisition, it is critical to comprehensively understand the 
structural basis behind the process and in particular, the selectivity of the metal ion. 
Coordination chemistry and geometry is one of the key factors defining the specificity of the 
metal ion coordination [95, 96]. PsaA binds both Zn2+ and Mn2+ with tetrahedral coordination: His67, 
His139, Glu205 and Asp280. Recently, it was shown that the mutation of Asp280 to Asn280 
(PsaAD280N), reduces the ability of those mutants to retain metal ion, both Zn2+ and Mn2+, to a greater 
extent than the mutation of Glu205 to Gln205 (PsaAE205Q) [51, 57, 88, 89]. Building up on these 
findings, we sought to characterise the structural difference between metal-free, Zn2+-bound and 
Mn2+-bound state of PsaA and PsaAD280N in solution via DEER. 
Using available crystal structure as a basis, MD studies of metal-free and Mn2+-bound PsaA 
structures were undertaken by Counago and co-workers [57] to probe the process of metal binding 
and release by PsaA. A series of 50ns simulations showed that the linking helix (residues 164-194, 
Figure 3-1) does not undergo major translational movements. However, the interaction between 
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Glu205 and an Mn2+ ion caused a distortion in the helical turn of the linking helix (residues 188-194, 
Figure 3-2 (d)), whereas in the metal-free state of the protein, the residues 188-194 kept the standard 
structure of a helix (Figure 3-2 (b)). 
 
Figure 3-1 – Representation of regions of interest on the structure of a metal-bound PsaA: linking 
helix (residues 164-194), a mobile helical turn of the linking helix called “the spring” (residues 
188-194), and “the hammer” (Glu205). 
 
Coungao and co-workers called the metal ion binding mechanism a “spring-hammer” mechanism, in 
contrast to the Venus flytrap mechanism that was described for SBPs with a flexible linker [57]. The 
full cartoon representation of the “spring-hammer” mechanism is shown in Figure 3-2 (adopted from 
[57]). As can be seen, the metal-binding residue Glu205 acts as “the hammer” that is dropped towards 
or pushed from the almost static metal-binding site comprising His67, His139, and Asp280. This 
movement is accommodated by the change in the helical turn of the linking helix of the protein, as 
discussed above [57]. 
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Figure 3-2 – PsaA metal-binding mechanism proposed by Counago and co-workers (adopted from 
[57]). (a) Superposition of open/metal-free (in green, PDB 3ZK7 [57]), open/Mn2+-bound (in pink, 
PDB 3ZKA [57]), closed/Mn2+-bound (in yellow, PDB 3ZTT [51]) and closed/Zn2+-bound (in 
purple, PDB 1PSZ [82]) PsaA protein structures. Dashed lines show the “static” metal-binding 
residues His67, His139 and Asp280 and “mobile” metal-binding residue Glu205, and the flexible 
region of the linking helix (residues 184-194) (red). The molecular contour is shown for the 
open/metal-free structure. (b-e) The static, mobile and flexible regions for the (b) open/metal-free, 
(c) open/Mn2+-bound, (d) closed/Mn2+-bound and closed/Zn2+-bound (e) structures of PsaA are 
shown in (a). Backbone atoms of residues 184-194 (flexible helical turn) are shown in the sticks 
representations. The bars represent the level of distortion in the helical turn as a gradient from blue 
(no distortion or breakage of hydrogen bonds) to red (distortion or breakage of hydrogen bonds). 
 
Deplazes and co-workers performed a further and more detailed MD study of metal-free PsaA 
in combination with Continuous Wave (CW) EPR of five MTSL-labelled PsaA Cys-mutants [84]. In 
their work they aimed to build on the study conducted by Counago and co-workers [57] and 
characterize the flexibility of metal-free PsaA protein in solution, which is not possible from 
crystallographic data. Their results were in general agreement with the conclusions made by Counago 
and co-workers on the “spring-hammer” binding mechanism undertaken by PsaA. The clustering 
analysis of MD simulations confirmed that the crystal structure of a metal-free PsaA, defined by 
Counago and co-workers [57], shows only a predominant conformation of PsaA. Deplazes and co-
workers showed, however, that there are a number of sub-populations existing that indicate the lateral 
splaying of the C-terminal domain of PsaA in the metal-free state and the mobility of a linking helix 
(residues 164-194). The metal-binding side was shown to be larger and more exposed to solution in 
comparison with the crystal structures. The metal-binding process, however, did not introduce a 
significant mobility to the protein structure, which is also in agreement with the data collected and 
explained by Counago and co-workers [57]. In the CW EPR study, almost all mutants showed 
reasonable consistency with the above-mentioned conclusions, except for the I236C mutant (MTSL 
spin label is located on the C-terminal helix). It was reported that this sample had restricted mobility 
and showed broader EPR lineshape in comparison with other mutants. 
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In frozen solution and powders the dipolar coupling between MTSL spin labels is only large 
enough to be detected and analysed to extract distance information when the MTSL-MTSL distance 
is less than 15 Å. In our study the MTSL labels are placed more than 15 Å apart and thus we will 
apply DEER spectroscopy to measure these distances. 
3.3 Research aims 
The major goal of this collaborative project is to characterise the molecular machinery of Mn2+ 
ion recognition and import by PsaBCA. Within this goal the main aim of our work in this chapter is 
to investigate in solution the mechanism of Mn2+-binding by PsaA, using DEER techniques in 
conjunction with the site-directed spin labelling (SDSL) technique. To attain the aims, the research 
was designed as follows: 
AIM 1: To measure distance distributions between MTSL spin labelled Cys-residues of the PsaA 
mutants in 3 states: metal-free (or apo), Zn2+-bound, and Mn2+-bound. 
AIM2: To measure distance distributions between MTSL spin label (electron spin s= 1
2
) and Mn2+ 
metal ion (electron spin s= 5
2
) for Mn2+-bound mutants. 
AIM 3: To compare the experimental DEER distance distributions with those computed in silico from 
crystal structures and thus validate the “spring-hammer” mechanism using data collected under 
conditions that are close to physiological. 
These measurements and analyses will add to our understanding of how PsaA transitions 
between the open (metal-free) state and closed (metal-bound) state will contribute to the existing 
knowledge of the interaction mechanism between PsaA and its ligands.  
A further aim of this work is to compare DEER distance distributions between PsaA and 
AdcA, and establish if there is evidence that the two proteins behave differently upon metal binding 
and have a difference in structural features that might be important in metal ion transport. 
3.4 Material and methods 
3.4.1 Protein mutants for EPR study 
For this initial DEER study of PsaA two residues were selected for Cys-mutation for the 
purpose of further labelling with MTSL spin label (Santa Cruz Biotechnology, Inc.). The chosen 
positions are listed in Table 3-1. The corresponding six double-labelled mutants are shown in Figure 
3-3. The current subset of samples will provide initial data to establish the accuracy of the 
methodology. 
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The positions were chosen based on a protein structural analysis (PDBs: 3ZTT [51], 3ZK7 
[57], 1PSZ [82]) and MD simulation to access the local protein dynamics [84]. The residues were 
located on a non-conserved surface and separated by ~20-60 Å to be accessible for DEER 
measurements. The variant isoforms were purified and tested via differential scanning fluorimetry by 
our collaborators (A/Prof. Chris McDevitt, Dr. Stephanie Begg and co-workers) (data not shown) [51, 
57, 89, 97]. All variants showed a wild-type behaviour. The coordination chemistry for each solute-
bound protein is shown in Table 3-2. For mutant 4, 5, and 6, Asp280 was mutated to Asn280, with 
the goal to weaken the metal-binding for comparative analysis. 
 
Table 3-1 – PsaA mutants for DEER study. 
Mutant 1 V76C-K237C metal-free Mutant 4 V76C-K237C-D280N* metal-free 
Mutant 2 V76C-K237C Zn2+ Mutant 5 V76C-K237C-D280N* Zn2+ 
Mutant 3 V76C-K237C Mn2+ Mutant 6 V76C-K237C-D280N* Mn2+ 
* coordinating residue 280 mutated from Asp to Asn, which was proposed to weaken the interaction 
of the protein with the metal ions [57]. 
 
Table 3-2 – PsaA metal coordination residues for Mn2+ and Zn2+ and the PDB accessory codes 
Protein Substrate PDB accession code Coordination chemistry 
PsaA Mn2+ 3ZTT His67, His139, Glu205, Asp280 
Zn2+ 1PSZ His67, His139, Glu205, Asp280 
metal-free 3ZK7 n/a 
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A 
 
B 
 
Figure 3-3 – PsaA crystal structures labelled with MTSL spin labels at position V76C and K237C 
in silico using the software package MMM (only the most probable MTSL rotamer is shown) and 
visualized in PyMol. (A) Superposition of PsaA crystal structures in metal-free (“open”, PDB 
3ZK7 [57] in orange), Zn2+-bound (“closed”, PDB 1PSZ [57] in violet), Mn2+-bound (“closed”, 
PDB 3ZTT [51] in green) states. The linking helix (residues 164-194) is shown with a dashed 
arrow. There are no significant differences between the crystal structures of the PsaA in the three 
states, except in the hinge region where spin label K237C is located. (B) Illustrations are of the 
regions involved in a “spring-hammer” mechanism [57] to show the relative locations of the MTSL 
spin labels. 
3.4.2 Labelling procedure 
The labelling and purification of the labelled protein mutants was performed by Dr. Zhenyao 
Luo (Prof. Bostjan Kobe’s group, School of Chemistry and Molecular Biosciences, UQ). 
Recombinant mutant PsaA protein in 20 μM (in 20mM Tris pH 7.2, 100mM NaCl) was incubated 
with 200 μM MTSL (Santa Cruz Biotechnology, Inc.) in a total of 1 mL solution at 4℃ for 24 hours 
under agitation. The free MTSL in the protein solution was then removed by dialysis using the 
SnakeSkin dialysis tubing 10 kDa MWCO (Thermo Fisher Scientific) against 2 L of buffer solution 
(20mM tris pH 7.2, 100mM NaCl, 10mM Zn2+ or Mn2+ for metal-bound samples with a ratio [1:5], 
in excess) at 4℃ for 24 hours. Any free spin labels were removed. The dialysed sample was 
subsequently concentrated to 20 μL using an Amicon Ultra-4 Centrifugal filter, 10 kDa MWCO and 
20% (v/v) d8-glycerol (Sigma-Aldrich) was added to make the protein more stable under ambient 
temperatures and also while being flash-frozen (to perform DEER measurements or for longer 
storage) to prevent aggregation [75]. 150 μL of the concentrated sample was loaded into a quartz 
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glass tube and flash-frozen in liquid nitrogen for EPR measurements. The final protein concentrations 
are provided in Table 3-3. 
 
Table 3-3 – Final protein concentrations for DEER measurements. 
PsaA mutants [C]metal-free, μM [C]Zn2+, μM [C]Mn2+, μM 
V76C-K237C 51 52 40 
V76C-K237C-D280N 18 79 49 
3.5 DEER study 
3.5.1 Experimental parameters 
Q-band DEER data (ca. 33.3 GHz) at 60K and 7.5K were acquired on a Bruker X-/Q- Elex580 
spectrometer equipped with a pulse EPR Resonator (ER 5106QT-2 Q-band probehead utilizing 
TE012 microwave mode, which results in two magnetic field maxima in the resonator structure) and 
a cryogen-free variable temperature cryostat from Cryogenic Limited (model PT415). The four-pulse 
DEER sequence was employed for all measurements; for the detection pulses at frequency A, the 
sequence was /2−τ1−− τ1− τ2−− τ2−echo, and the pump pulse at the frequency B was moved 
within the time τ1- τ2 of the refocused echo. The detection pulses were phase-cycled according to 
[+x, +x, +x, +x; −x, +x, +x, −x]. The detection mw pulses employed lengths of tπ/tπ/2 = 16 ns/32 ns 
(pulses optimized on the nitroxide signal) using the whole microwave (MW) power (0 dB 
attenuation), and the π pump pulse at frequency B had a duration of tπ = 16 ns. The pump pulse was 
positioned at the maximum of the NO• signal intensity, and the detection pulse sequence was 65 MHz 
(for NO•- NO• distance measurements) lower in microwave frequency, i.e. B  A = 65 MHz. The 
pump pulse was applied in the centre of the cavity, and the observer pulses at the side of the resonator 
dip. A variable τ1 time ranging from ca. 160 ns (10 increments) was applied to average out potential 
distortions due to nuclear modulations caused by overlap of the excitation range of the pump and 
detection pulses. The parameters for each experiment are summarised in Table 3-4. 
The experiment was repeated for the pulses optimized on the Mn2+ signal to access NO•-
Mn2+ distance. Different field positions were tested (see captions to the related figures). Full MW 
power (0 dB attenuation) was used. Time τ2 was made as long at the phase memory relaxation TM 
allowed, from ca. 2.0 s to 5 s (see data and Table 3-4). 
Distance distributions were computed from the DEER time traces with the Matlab-based 
software DeerAnalysis (version 2016) [16, 37] using the Tikhonov regularisation option. 
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3.5.2 Modelling DEER distance distribution 
In silico modelling of the MTSL spin label rotamer distributions for the various metal-free, 
Zn2+-bound and Mn2+-bound protein conformations were computed using MMM 2018.2 [98], using 
ambient temperature and the rotamer library R1A. Each rotamer distance distribution P(r) was 
normalised to a unit area. 
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Table 3-4 – Parameters used for the Q-band DEER measurements 
PsaA mutant T, K νdet, GHz/ 
∆ν, MHz 
π/2[ns] π [ns] πpump [ns] τ1 [ns] τ2 [ns] SRTa [μs] B0 [G] SPPb No of 
scans 
V76C-K237C 
metal-free 
60 33.960/+65 16 32 16 160 5000 3570 12088 36 14 
V76C-K237C 
Zn2+ 
60 33.930/+65 16 32 16 160 5000 3570 12078 36 14 
V76C-K237C 
Mn2+ (NO•-NO•) 
60 33.960/+65 16 32 16 160 3800 2805 12091 36 20 
V76C-K237C 
Mn2+ (NO•-NO•) 
7.5 33.960/+65 16 32 16 160 5000 15300 12091 9 3 
V76C-K237C 
Mn2+ (Mn2+-
NO•) 
7.5 34.090/-150 16 32 16 160 2000 4080 12057 16 6 
V76C-K237C-
D280N metal-
free 
60 33.960/+65 16 32 16 160 5000 3570 12088 36 43 
V76C-K237C-
D280N Zn2+ 
60 33.960/+65 16 32 16 160 5000 3570 12088 36 10 
V76C-K237C-
D280N Mn2+ 
(NO•-NO•) 
60 33.965/+65 16 32 16 160 3500 4080 12091 16 10 
V76C-K237C-
D280N Mn2+ 
(Mn2+-NO•) 
7.5 34.100/-150 16 32 16 160 2000 4080 12065 16 93 
*τ1 was incremented in 10 steps of 16 ns to average ESEEM modulation; νpump=νdet+∆ν; aSRT = shot repetition time; bSPP = shots per point. 
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3.5.3 Results and Discussion 
General EPR considerations with Mn2+ paramagnetic centres 
The Mn2+ ion has an electronic spin s = 
5
2
. Additionally, the isotope 55Mn has a nuclear spin 
of I = 
5
2
. In lower magnetic fields, these systems exhibit a very complex spectrum which can be very 
difficult to interpret due to the large Zero-Field Splitting (ZFS) interaction relative to the electron 
Zeeman (EZ) term [99]. In higher magnetic fields, when the Electron Zeeman field splitting (EZ) is 
large in comparison to the ZFS (ZFS<< EZ), the Mn2+ EPR spectrum consists of six resolved lines 
due to the central electron spin transitions: 
1 1
, ,
2 2
S I S Im m m m
 
    
 
 (Figure 3-4). The other 
EPR transitions involving ms = ±
5
2
 and ±
3
2
 levels are relatively much broader and thus give a weak 
echo in pulse EPR experiments. Additionally, the EPR signals detected from the different electron 
spin sublevels of the Mn2+ ion,  , 1,S I S Im m m m  , have different transition moments which, 
as a consequence, can be used to separate the transitions using Rabi nutation frequencies [100]. 
 
Figure 3-4 – Electron spin energy levels and Zeeman splitting for Mn2+ in spherical symmetry. One 
sextet of the five–fold degenerate allowed transitions (∆ms = 1, ∆mI = 0) is shown by arrows. 
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The ZFS term can potentially introduce significant complications for the DEER experiment 
using, e.g., Mn2+, as one of the spins of the pair especially at lower magnetic fields. There are two 
main factors that need to be considered. Firstly, different electron spin level transitions overlap and 
are thus excited simultaneously by the DEER pulses to different extents. However, the unwanted 
signals from unwanted excitations (those involving the ms = ±
3
2
, ±
5
2
 levels) are usually very small 
and can typically be ignored. Secondly, and of critical importance, measurements are best carried out 
using the ms = –
1
2
to ms = +
1
2
 energy levels where the electron-electron dipolar interaction is free to 
2nd order from the ZFS interaction and the analysis for computation of the distance distribution can 
thus employ standard theory used for an s = 
1
2
 system. Accordingly, in this study, measurements 
were carried out at Q-band in order to best satisfy this criterion (maximum EZ interaction) and thus 
minimize artefacts in the computation of the distance distributions. The validity of the approximation 
for Mn2+ ions where the ZFS << EZ term has been established in a number of publications, can be 
seen, for instance, in [101-103]. 
 
Experiment Optimization and Measurement of the Distance Distributions 
In this study we tuned the pump pulses at a frequency / field position to measure both a NO•-
NO• or a Mn2+-NO• electron-electron dipole interaction: 
NO-NO distances: The DEER traces obtained at T = 60K were recorded by pumping at the NO• 
frequency with maximum spin excitation (position (1) on Figure 3-5 (a)) and detecting at the lower 
frequency (∆ν = 65 MHz) (position (2) on Figure 3-5 (a)) to measure the electron-electron dipole spin 
coupling between the two spin labels (NO•-NO•). The experimental DEER traces and calculated 
distances are provided in Figure 3-7. 
Mn2+-NO distances: The DEER traces obtained at T = 7.5K were recorded by pumping at the NO• 
frequency with maximum spin excitation (position (1) on Figure 3-5 (b)) and detecting at the higher 
frequency to measure the NO•-Mn2+ electron-electron dipole spin coupling (∆ν = 150 MHz). The 
experimental DEER traces and calculated distances between NO• and Mn2+ are provided in Figure 
3-9. 
The experimental parameters of the measurements for the mutants that do not possess Mn2+ 
ions were similar to the earlier performed DEER for AdcA Zn2+-binding protein and did not require 
any special tuning. 
However, the Mn2+-bound mutants required extensive optimisation of measurement 
conditions, not only because the NO• and Mn2+ EPR spectra overlap, but also because Mn2+ electron 
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spin magnetisation relaxes much faster than that of NO•. The temperature and shot repetition time 
(SRT) were chosen for optimal resolution and sensitivity. The measurement temperature was 
accordingly set to 7.5K in order to achieve a long enough TM relaxation time in the DEER experiment 
to enable the Mn2+ ion paramagnetic centre to be used as a detection spin. At 7.5K, the TM time of 
both spins are similar, and thus using the Mn2+ spin for detection is not a big disadvantage in terms 
of resolution. At these temperatures, the NO• spin T1 times becomes very long (T1 > 3000 s) but this 
does not influence the experiment repetition rate as this is set by T1 of the detection spin, the Mn2+ 
paramagnetic centre. For this reason, detecting on the NO• spin and pumping on the Mn2+ spin is sub-
optimal, as the T1 time of the Mn2+ still requires temperatures around 10K to prevent appreciable T1 
relaxation during the DEER sequence (which would otherwise compromise the experiment as the 
spin state of the pumped Mn2+ spin is changing during the experiment) but then the T1 time of the 
NO• spin becomes exceedingly long and thus prevents fast data acquisition. Table 3-4 has a summary 
of the SRT for the experiments at the 7.5 K and 60 K. 
At Q-band with our experimental set-up, the maximum possible frequency separation between 
the pump and detection pulses was 150 MHz. With this separation, sufficient pulse power was 
available using a 200W TWT Q-band amplifier to achieve a  pulse of ca. 16 ns, sufficient to carry 
out DEER experiments. The offset between pump and detection frequencies was chosen such that 
when detecting on Mn2+ spins and pumping on the maximum of the NO• spectrum, a minor number 
of NO• spins are excited by the detection pulses. The number of NO• spins excited by the detection 
pulses will influence the modulation depth. The separation is the upper limit that could be achieved 
within the experimental setup. 
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(a) 
 
(b) 
 
Figure 3-5 – Field-swept echo-detected EPR spectrum of PsaAV76C/K237C in (a) metal-free and (b) 
Mn2+-bound states. Both spectra were recorded at Q-band frequency. Arrows at the observer field 
position show the “pump” (1) and “detect” (2) observer positions for the field sweep recorded at 
the corresponding frequency. Field sweep in red was performed at the “pump” frequency (1), in 
black at the “detect” frequency (2). In (a) DEER between two nitroxides (NO•- NO•) measurements 
were performed at T = 60K; in (b) DEER between NO• - Mn2+ spins measurements were performed 
at T = 7.5K. 
 
The overlapping NO• and Mn2+ lines (in Figure 3-5, 3rd Mn2+ lines overlapped with the NO• 
spectrum) can be distinguished by changing the length of the pulses and SRT, because the two 
paramagnetic species have different longitudinal relaxation times T1: for Mn2+ ~800 μs, for 
NO• ~3ms. This approach was applied by Lueders and co-workers for tuning Gd3+-NO• DEER 
experiments at X- and Q-band [15]. DEER traces obtained for all samples listed in Table 3-1 are 
presented with the related distance distribution fits in the following. 
 
Distance Distribution Calculations 
To calculate the distance distribution between two spins, Tikhonov regularisation with the 
Pake pattern as a kernel for the integration function [16] was used within the Matlab-package 
DeerAnalysis [16]. The orientation selection, when pumping at the maximum of NO• and detecting 
on the Mn2+ spin, was negligible. This was investigated by moving the pump pulse position on the 
nitroxide from the maximum to a position 65 MHz higher, and also by changing the detection position 
for the Mn2+ spin (by reducing the pulse separation to 75 MHz while still pumping on the NO• 
 73 
 
maximum). In both cases the same dipolar frequencies were recorded in the DEER trace within the 
experimental noise (data not shown). 
Figure 3-6 shows the NO•-NO• distance distributions for the PsaAV76C-K237C and PsaAV76C-
K237C-D280N double mutant in metal-free, Zn2+-bound and Mn2+-bound states. In all cases, the distance 
distributions are well defined and approximately Gaussian in form. The width of the distance 
distribution is due either to the rotamers of the spin labels or conformations of the protein, or a 
combination of both. Next, the experimental distance distributions were modelled using the crystal 
structures by adding spin labels and computing the distance distributions using MMM (see section 
3.5.2 for further details). As can be seen from Figure 3-6, all experimental NO•-NO• distance 
distributions are in reasonable agreement with the distance distribution modelled using the 
corresponding crystal structures, demonstrating that the crystal structures are indeed present in 
solution. In addition, the width of the distribution is well modelled by just the crystal structures, 
indicating no large flexibility in solution exists between these residues. It can be seen from the 
experiment and the modelling that in the case of the PsaAV76C/K237C mutant (Figure 3-6 (A) and (C)) 
the mean distance shortens when protein binds to metal ion (Zn2+ or Mn2+) and transfers to a “closed” 
state. In this state, the N-lobe (V76C) and C-lobe (K237C) are closer to each other. The generally 
accepted accuracy of in silico modelling of a distance distribution from a known protein structure is 
that the error in prediction of the mean of the distance distribution is ~3 Å [83]. Experimentally for 
the three PsaAV76C/K237C mutants shown in Figure 3-6, differences in the mean value of the distance 
distribution between experiment and model are 2.4 Å (metal-free), 2.3 Å (Zn2+-bound), 1.9 Å (Mn2+-
bound) (see also Table 3-5). Considering this error the solution DEER data are in good agreement 
with the crystals’ structures and thus the “spring-hammer” binding model proposed from them. In our 
case we may still have some metal not bound by protein contribution. To investigate this, a larger 
excess of metal ion could be added to samples in future work. 
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(A) 
 
(B) 
 
(C) 
 
(D) 
 
Figure 3-6 – Experimental and simulated NO•-NO• distance distributions between MTSL spin 
labels located at residues V76C and K237C of (A) PsaAV76C/K237C and (B) PsaAV76C/K237C-D280N. The 
simulated distance distributions are based on the crystal structures of PsaA: for PsaAV76C/K237C: 
metal-free (PDB 3ZK7 [57]), Zn2+-bound (PDB 1PSZ [57]) and Mn2+-bound (PDB 3ZTT [51]) 
states; for PsaAV76C/K237C-D280N: metal-free (PDB 3ZK9 [57]), Zn2+-bound (unpublished), 
Mn2+-bound (PDB 3ZKA [57]). The simulated distance distributions display good agreement with 
the experimental data and are within the generally accepted error margins. (C-D) All three 
simulated distance distributions for (C) PsaAV76C/K237C and (D) PsaAV76C/K237C-D280N are plotted 
together to highlight the change in mean distance upon binding the metal ion. 
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Next, NO•-NO• distance distributions of the triple mutant (PsaAV76C/K237C/D280N) are compared 
to those from the double mutant in the metal-free, Mn2+-bound, and Zn2+ bound states. In the triple 
mutant PsaAV76C/K237C/D280N, the Asp280 to Asn280 mutation changes a ligand that binds the metal 
ion. Counago and co-workers showed that Asp280 has a significant impact on both Mn2+-mediated 
and Zn2+-mediated stabilisation of the closed state of PsaA [57], and is more important in this respect 
than the other coordinating residue investigated, Glu205. 
The results of these DEER experiments are shown in Figure 3-7. As can be seen by inspection 
of Figure 3-7, this mutation brings about only a relatively minor change in the distance distribution, 
which is in agreement with the simulation (Figure 3-6 (B) and (D)). The PsaAV76C/K237C distance 
distributions are very similar to those from the PsaAV76C/K237C/D280N triple mutant for the metal-free 
and Zn2+ samples. Here good resolution (long time traces) could be collected. However, in the case 
of the Mn2+ samples, due to Mn2+ induced NO phase memory time relaxation TM at 60K, a time trace 
of only 3.5 μs could be recorded, which could potentially lower the resolution achievable in the 
distance distribution calculation. However, by lowering the temperature to 7.5 K, a long trace was 
obtained (see Figure 3-9 below) which is very similar to that obtained in the presence of Zn2+, thus 
verifies the accuracy of the computed distance distributions. 
The DEER data support the crystal structures and the proposal regarding the mechanism for 
metal ion specificity. This proposal is based on the following points. PsaA is a high affinity Mn2+ 
solute binding protein [51]. The derived affinity constants (
1
D
A
K
K
 ) calculated using isothermal 
titration calorimetry (ITC) for [1:1] ratio of PsaA to Zn2+ or Mn2+ were 231±1.9 nM and 3.3±1.0 nM 
respectively [51]. These data support the role of PsaBCA in Mn2+ acquisition under physiological 
conditions. Although the Mn2+-PsaA and Zn2+-PsaA have almost identical closed conformations [51, 
82], only the Mn2+-PsaAD280N mutant seems to exist in a metal-ion open conformation that allows 
stripping of the metal ion by EDTA. Opening of the metal-binding site of PsaA requires the C-
terminal region of a linking helix to refold, which does not happen in the case of Zn2+-bound PsaA. 
These characteristics potentially allow transference of the Mn2+ metal ion to a PsaA-associated 
permease (PsaBC) [57]. 
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(A) 
 
(C) 
 
(B) 
 
(D) 
 
Figure 3-7 – Comparison between NO•- NO• DEER data for the PsaAV76C-K237C (A/B) and the 
PsaAV76C-K237C-D280N (C/D) samples prepared in the metal-free (shown as apo), Zn2+ and Mn2+ 
states. (A/C) Background-corrected DEER time traces obtained at Q-band frequencies The 
coloured lines are the experimental time traces and the black lines are fits calculated using 
Tikhonov regularisation [16]. (C/D) The corresponding distance distributions. 
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NO•-Mn2+ distance distributions for Mn2+ loaded protein 
Given that the samples loaded with Mn2+ have an intrinsic paramagnetic centre, we were able 
to provide further validation of the structure of the Mn2+-bound form of the PsaA by using this centre 
as one of the spins in the DEER experiments. These measurements should in general be more accurate 
than those using a pair of NO• spins because the rotamers of one NO• spin are replaced by a rigidly 
held metal ion. The only sample we had for this investigation was spin labelled at both the V76C and 
K237C residue. In accordance with the crystal structure for Mn2+-bound PsaA (PDB: 3ZTT [51]), the 
Mn2+ metal ion is located at approximately equal distances from both V76C and K237C residue 
(Table 3-5). For future measurements, single-labelled Mn2+-bound PsaA mutants should be designed 
and measured to provide more accurate data. 
To ensure that we are measuring the desired NO•-Mn2+ distances, a number of background 
measurements were made to ensure that any spurious Mn2+ - Mn2+ distances were not being detected. 
For this we positioned both the “pump” and “detection” pulses on a signal just from the Mn2+ 
paramagnetic centre, as shown in Figure 3-8 below. Figure 3-8(a) shows a schematic representation 
(on a field sweep at one frequency) of the pump (1) and detection (2) pulse observer positions, and 
Figure 3-8(b) the DEER traces for the double and triple mutant sample of Mn2+-bound PsaA. Both 
these DEER traces display only the expected exponential decays due to a random 3D distribution of 
paramagnetic centres in frozen solution. We can thus be sure that when the “pump” pulse is positioned 
onto the NO• spin, any measured distance distribution comes from NO•-Mn2+ pairs. 
It is also noted that the samples were prepared with a [5:1] ratio of [Mn2+:PsaA], and thus 
there is free Mn2+ in the sample. The free Mn2+ is most likely responsible for the six very sharp lines 
in the field sweep spectrum of Figure 3-8, due to the small ZFS of a e.g. Mn2+(H2O)6 complex. The 
signal from the protein is under this signal, and would not be expected to not have six sharp lines due 
to the strained coordination environment resulting in a larger ZFS. This aspect should be investigated 
further with a sample loaded with a PsaA: Mn2+ ratio of 1:1. 
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(a) 
 
(b) 
 
Figure 3-8 – (a) Field-swept echo-detected EPR spectrum of PsaAV76C/K237C in Mn2+-bound states 
at Q-band frequency. Arrows show the “pump” (1) and “detect” (2) positions for the field sweep 
recorded at the “pump” frequency. The Q-band CW EPR spectrum of Mn2+(H2O)6 recorded at 
T=293K is shown as an inset adopted from [99]. (b) DEER between Mn2+ - Mn2+ measurements 
were performed at T = 7.5K. 
 
Figure 3-9 shows the T=7.5K DEER data obtained when detecting on the Mn2+ paramagnetic 
centre and pumping on the signal maximum of the NO• spin. The mutation of the residue Asp280 
affected the distance distributions NO•-Mn2+ in a similar way to NO•- NO•. The mean distance for 
Mn2+-bound PsaAV76C-K237C-D280N is longer than for Mn2+-bound PsaAV76C-K237C. This means that the 
spin labels have more flexibility in the case of the PsaAV76C-K237C-D280N mutant and/or the C-lobe and 
N-lobe of PsaAV76C-K237C-D280N stay further from each other in comparison with the PsaAV76C-K237C 
Mn2+-bound mutant. 
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(A)  
 
(B)  
 
(C) 
 
(D) 
 
Figure 3-9 – Q-band DEER data for Mn2+-bound PsaAV76C/K237C/D280N and Mn2+-bound 
PsaAV76C/K237C. (Top) Mn2+-NO• DEER at T=7.5K and with ∆ν=150 MHz. (A) background-
corrected DEER time traces, and (B) the corresponding distance distribution with simulation. 
(Bottom) NO•-NO• DEER at T = 7.5K and with ∆ν = 65 MHz. (C) background-corrected DEER 
time traces, and (D) the corresponding distance distribution with simulation. 
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Table 3-5 – Experimental and simulated distance distributions 
PsaA mutant T, K Mod. 
depth 
<r>, Å 
(Tikhonov) 
σ*, Å 
(Tikhonov) 
λ, 
L-curve 
reg 
parameter 
<r>, Å 
(Gaussian)** 
σ*, Å 
(Gaussian)** 
RMMM/σMMM*, Å 
V76C-K237C 
metal-free 
60 0.366 51.5 10.5 637.2 53.4 13.0 49.10 / 5.15 
V76C-K237C 
Zn2+ 
60 0.349 47.8 8.0 467.4 49.0 9.9 45.48 / 5.06 
V76C-K237C 
Mn2+ (NO•-NO•) 
60 0.326 46.3 5.9 346.6 52.7 15.4 44.37 / 5.05 
V76C-K237C 
Mn2+ (NO•-NO•) 
7.5 0.187 43.6 10.9 508.1 46.1 8.1 
V76C-K237C 
Mn2+ (Mn2+-NO•) 
7.5 0.033 25.8 6.7 237.3 29.5 16.6 NO• (V76C)-Mn2+: 
25.38 / 3.58 
NO• (K237C)-Mn2+: 
26.21 / 2.85 
V76C-K237C-
D280N metal-
free 
60 0.365 54.0 11.0 896.8 56.1 13.7 49.72 / 5.13 
V76C-K237C-
D280N Zn2+ 
60 0.338 48.0 10.0 468.3 50.8 12.2 47.2 / 5.30 
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V76C-K237C-
D280N Mn2+ 
(NO•-NO•) 
60 0.421 50.7 11.3 2994.2 51.2 12.7 49.60 / 4.94 
V76C-K237C-
D280N Mn2+ 
(NO•-NO•) 
7.5 0.199 48.9 11.9 1272.0 51.2 12.7 
V76C-K237C-
D280N Mn2+ 
(Mn2+-NO•) 
7.5 0.041 29.0 8.5 240.9 35.3 20.9 NO• (V76C)-Mn2+: 
27.21 / 3.77 
NO• (K237C)-Mn2+: 
27.26 / 2.66 
*- σ is a calculated standard deviation; 
** - Gaussian fit is not shown, but provided in Appendix 3C (Figure 1 and Figure 2); 
***- RMMM is calculated using MMM software with R1A rotamer libraries at ambient temperature with a relevant crystal structure:  
PDB: 3ZK7 for metal-free PsaAV76C/K237C, PDB: 1PSZ for Zn2+-bound PsaAV76C/K237C, PDB: 3ZTT for Mn2+-bound PsaAV76C/K237C. 
PDB: 3ZK9 for metal-free PsaAV76CK237C-D280N, Zn2+-bound PsaAV76C/K237C/D280N (unpublished structure), PDB: 3ZKA for Mn2+-bound 
PsaAV76C/K237C/D280N. 
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3.6 Conclusions 
In this chapter, the molecular mechanism of Mn2+ - binding by the PsaA protein in a frozen-
solution sample was investigated. The key method employed and discussed in this chapter is the 
DEER technique in conjunction with SDSL methodology. The DEER data were modelled using 
available crystal structures.  
Distance distributions between MTSL spin labels on the spin labelled PsaAV76C/K237C and 
PsaAV76C/K237C-D280N Cys-mutants in metal-free, Zn2+-bound and Mn2+-bound states were measured. 
The spin label MTSL-V76C is located on the N-lobe of PsaA, while MTSL-K237C is located on the 
C-lobe of PsaA. Thus, the motion of the lobes relative to each other can be assessed. These lobes are 
predicted to move upon metal binding according to the ‘spring hammer’ mechanism. Both mutants 
in the closed states (Zn2+/Mn2+-bound) showed a decrease in NO•- NO• mean distances in comparison 
with the metal-free state, which is in agreement with the proposed “spring hammer” binding 
mechanism [57]. 
Building on a finding by Counago and co-workers [57] that Asp280 has a greater impact on 
the Zn2+/Mn2+-mediated protein stabilisation than Glu205, the Asp280 residue was mutated to 
Asn280 to investigate the difference between Zn2+- and Mn2+-binding mechanism via DEER. Minor 
differences in distance distribution profiles were observed. The mean distances for 
PsaAV76C/K237C-D280N Cys-mutant are longer in metal-free and Mn2+-bound states, while Zn2+-bound 
PsaAV76C/K237C-D280N showed results similar to Zn2+-bound PsaAV76C/K237C. In general, the distance 
distributions are broader in the case of the PsaAV76C/K237C-D280N mutant, compared with PsaAV76C/K237C, 
meaning the protein backbone is likely to be more mobile. In contrast with the PsaAV76C/K237C results, 
Mn2+-bound PsaAV76C/K237C-D280N had a longer mean distance in comparison with the Zn2+-bound 
PsaAV76C/K237C-D280N Cys-mutant, which confirms that the mutation of Asp280 to Asn280 affects 
Mn2+-binding more than Zn2+-binding. Simulation of the distance distribution in silico using the 
crystal structures of the PsaA in different states was in a good agreement with the experimental data, 
confirming the validity of the method. The small deviations in mean distances are minor and within 
the margins of error of the in silico modelling. 
The distance distribution profiles between MTSL spin label (s=
1
2
) and Mn2+ metal ion (s=
5
2
) were measured at T=7.5K and simulated for both mutants. The overall results are similar to the 
above-mentioned. The NO•-Mn2+ mean distance is longer for PsaAV76C/K237C-D280N than for 
PsaAV76C/K237C, and the distance distribution is broader for PsaAV76C/K237C-D280N. However, the 
differences between PsaAV76C/K237C and PsaAV76C/K237C-D280N results are again minor and within error. 
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The DEER measurements with single-labelled Cys mutants have to be performed for more accurate 
assessment. 
Overall, the distance distributions from the DEER data are consistent with those simulated 
using crystal structures of PsaA in metal-free, Mn2+ and Zn2+ states. The crystal structure data were 
the basis for developing the ‘spring hammer’ mechanism and the DEER data are thus consistent with 
this mechanism. Importantly and consistently, the PsaA DEER data show very different 
characteristics to the AdcA DEER data, where a different structural rearrangement caused by metal 
binding was proposed (Chapter 2). Thus, the DEER data are sufficiently accurate to be able to 
discriminate between different mechanisms operating in different SBPs. Further DEER studies on 
additional SBPs will help to pave the way to comprehensively understand recognition and metal 
transport of the ABC importer with the SPB protein. 
3.7 Future directions 
For the next stage, six PsaA variants, provided in Table 3-6, will be expressed and purified. 
The choice of the mutants is in accordance with the requirements dictated by the DEER technique. 
The residues are solvent-exposed, located on helices, and are separated by ~15-80 Å from each other. 
Table 3-6 – Cystein mutants of PsaA for the ongoing DEER study 
PsaA variant Distance between Cys-residues in crystal structure 
Mn2+-bound, Å metal-free, Å 
L56C/I236C 37.8 46.0 
S58C/S266C 32.8 40.0 
E74C/I125C 35.2 41.1 
E74C/E234C 44.2 52.4 
V76C/K237C 39.2 44.2 
I125C/S266C 27.9 35.6 
 
The mutants will be double-labelled with MTSL spin label, and a DEER study will be performed. 
 
RIDME technique for NO•-Mn2+ distance measurements 
Another pulsed technique that allows measurement of the distance between a metal ion (Mn2+ in this 
case) and an NO• spin (MTSL spin label in this case), is the 5-pulse Relaxation-induced Dipolar 
Modulation Enhancement (RIDME) technique (see Chapter 4, section 4.8 (Future directions) for a 
description of the experiment).  
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DEER and RIDME constraints for Molecular Dynamics simulation 
Following a similar approach to that developed and applied in Chapter 2, the DEER and 
RIDME experimental data will be incorporated in a structural study based on MD simulations. The 
distance distributions between the spin labels and metal ion will serve as constraints to “filter” the 
protein conformations obtained via MD simulation to identify the most representative cluster of 
protein structures. 
 
  
 85 
 
Chapter 4. Understanding Structure-Function of a 
Non-Ribosomal Peptide Synthetase using Double Electron Electron 
Resonance 
4.1 Non-ribosomal peptide synthetase 
The success of many facets of medicine strongly depends on naturally occurring peptide-
based antibiotics, such as the glycopeptide antibiotics (GPAs) which are produced by non-ribosomal 
peptide synthetase (NRPS) enzymes. With rapid evolution, invading bacteria are able to develop high 
levels of resistance to these drugs, and the development of new antibiotics is required to combat this 
resistance. Currently, natural product production by NRPSs relies on natural biosynthesis via 
fermentation by a suitable bacteria producer. Thus, to be able to introduce any modification to the 
desired natural products (i.e. GPAs) and to develop new approaches appropriate for a commercial-
scale production, the biosynthesis path should be well-explored and understood. 
The synthesis of GPA is carried out by the complex enzymatic machinery of a non-ribosomal 
peptide synthetase (NRPS). The technology to modify the NRPS machinery to produce new 
compounds exists [104], but these reengineering attempts have only been partially successful due to 
the loss of specificity of the final natural product compounds and low yields. Clearly, a deeper 
understanding of the NRPS machinery on a molecular level is a key step towards reengineering the 
NRPS machinery purpose of developing new antibiotics via in vitro fermentation. 
In this project, the machinery of the NRPS teicoplanin is investigated. This NRPS is a linear 
system and is represented schematically in Figure 4-1. The term “linear” refers to the sequence of 
synthesis. In teicoplanin NRPS the natural product being synthesised is passed from module 1 to 7 
sequentially or ‘linearly’. The reaction order and kinetics are very tightly controlled during the 
synthesis process by the NRPS machinery so that unwanted products are not formed. Each module is 
responsible for the incorporation of one amino acid into the growing peptide (natural product) that 
will become a GPA at the end of the synthesis line [105]. Each NRPS module contains a number of 
catalytic active domains (Adenylation (A) domain, Condensation (C) domain, Epimerization (E) 
domain, X-domain and Thioesterase (TE) domain) and a Peptidyl Carrier Protein (PCP) which carries 
the growing peptide (Figure 4-1). A minimum of three domains is required to assemble an NRPS 
module: Adenylation (A), Condensation (C) and PCP [106]. 
The Adenylation (A) domain acts as a selector of an amino acid. It is activated by Adenosine 
triphosphate (ATP) and delivers the selected amino acid to the PCP domain [107, 108]. Condensation 
(C) domains catalyse the peptide bond formation with the downstream amino acyl unit tethered to the 
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PCP of the current module [109]. The domain plays a major role in the final stereochemistry of a 
growing NRPS peptide. 
 
Figure 4-1 – Schematic representation of glycopeptide antibiotic biosynthesis through the process 
of non-ribosomal peptide synthesis, which relies on a multi-modular enzymatic assembly line to 
produce the core of the antibiotics (PCP – peptidyl carrier protein, A – Adenylation domain, C – 
Condensation domain, TE – Thioesterase domain) [110]. 
 
The PCP domain is a small (~10 kDa) catalytically-silent shuttle-domain that possesses a 18 Å 
phosphopantetheine (Ppant) arm. This arm increases the ability of PCP to reach adjacent domains. A 
thiol group at the end of the arm ensures that substrates are transferred as thioesters and remain 
reactive enough to support the peptide bond formation in the C domain [111]. 
There is a wide range of other domains that can supplement the minimal triple-domain system 
described above. The most common are an epimerization (E) domain that epimerize the L-amino 
acids into their D-form and thereby alter the stereochemistry, and a thioesterase (TE) domain that 
releases the final peptide [109]. An additional C/E-type domain, called an X-domain, is involved in 
the recruitment of cytochrome-P450s (referred to as oxygenases, or Oxy proteins) to the NRPS to 
catalyse the crosslinking of aromatic side chains with bound peptide (natural product) [110, 112-114]. 
 87 
 
The aim of this collaborative research project is to explore the domain rearrangements, 
dynamics and role of protein-protein interactions in mediating peptide synthesis in NRPS systems 
using Tcp12, a terminal module No.7 of teicoplanin NRPS biosynthesis (Figure 4-1). This module is 
responsible for the incorporation of a single amino acid (3,5-dihydroxyphenylglycine, L-Dpg) into 
the final linear heptapeptide, the transition of this peptide into an active antibiotic aglycone via 
chemical modification from the Oxy proteins, and finally peptide (natural product) cleavage from the 
NRPS module No. 7 (Tcp12). 
Taking into account that during NRPS synthesis all active domains and external proteins 
interact with a catalytically non-active PCP domain, there must be significant spatial rearrangement 
of the whole NRPS system to allow the PCP domain to shuttle bound substrates between all the 
catalytically active domains [115-117]. PCP has been shown to be insufficient to enable the peptide 
bound to it to reach all the catalytic domains of the NRPS with a single ‘static’ conformation with 
only the arms moving. The mechanism that enables the selection and timing of interactions between 
the peptide and the catalytic domains within an NRPS is not known. This is a significant gap in our 
knowledge of the NRPS synthesis process, a part of which will be addressed in this study via 
exploring the domain rearrangements, dynamics and role of protein-protein interactions in mediating 
peptide synthesis using the terminal Tcp12 module from teicoplanin biosynthesis. The final 
teicoplanin module Tcp12 consists of five individual sub-domains (C-A-PCP-X-TE) (C – 
condensation domain, A – adenylation domain, PCP – peptidyl carrier protein domain, X – 
condensation-like domain, TE – thioesterase domain). 
4.2 The PCP and X-domains of Tcp12 NRPS and the Oxy protein 
Within this thesis the PCP-X di-domain of Tcp12 will be studied in a peptide loaded and 
unloaded state and in the presence and absence of the Oxy (Cytochrome P450) protein. The 
polypeptide sequence for the Tcp12 module (C-A-PCP-X-TE) is given in Figure 4-2. The PCP 
domain (in green) and the X-domain (in cyan) are highlighted, as well as the linker region that joins 
them (in brown bold). An N-terminally shortened version of Tcp12, PCP-X-TE was initially trialled, 
but it has four endogenous cysteine residues that were substituted with serine residues to enable site-
directed spin-labelling of this construct. However, the substitution of the Cys-residue on the TE-
domain resulted in protein oligomerization. Further substitutions (e.g. for an alanine, glycine or 
leucine) were not successful (data not shown). Since the cysteine on the TE-domain is accessible to 
the MTSL label and the labelling leads to a perturbation of the protein structure, the TE-domain was 
removed from the protein [118]. This simplified the PCP-X-(Linker between X- and TE- domain) 
model (referred to as PCP-X below) is reasonable and will allow a gradual step-by-step 
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characterisation of the whole Tcp12 module. The entire NRPS system will be investigated 
subsequently. 
The peptidyl carrier protein (PCP). While the secondary and tertiary structures of the PCP 
domain are quite well preserved with few noticeable differences from the four-helix-structure 
documented (Figure 4-3) [111, 119-124], the primary structure of PCP varies significantly between 
PCPs participating in different NRPS synthetases, as well as between different modules within the 
same pathway. This difference in primary structures is thought to control the interaction of the PCP 
domain with other domains and substrates via differences in charge distributions, salt bridges, etc 
[121]. 
The process of substrate loading and transfer by the Ppant arm is unclear. Studies have shown 
that the arm does not interact significantly with the PCP core and does not affect its tertiary structure 
[106, 121, 125]. This observation supports the hypothesis that the arm acts as a “swinging arm”, 
managing the substrates where the PCP core is quite rigid [106]. However, recent NMR studies have 
shown that the PCP core interacts with its “cargo” [111], secluding it between helices 2 and 3 and 
changing the orientation of helix 2 in response to the substrate loading (Figure 4-3) [124]. Besides 
helices 2 and 3, the loop connecting the helices has shown involvement in mediation of the 
interactions between PCP and other domains, A, C and TE [120]. However, all these structural 
rearrangements of PCP are minor, and other processes must be involved in the recruitment of different 
domains and driving the NRPS machinery. 
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1 MTVDDTRAKPRSSVEDVWPLSPLQEGMLYHTALDGDGPDTYTVQTVYGIDGPLDAGRLRA 
61 SWQALVDRHAALRACFRYVSGAQMVQVIQRDVELPWRETDLSGLPEDLADGEVARLAEQE 
121 MAERLRLEAAPLMKLHLIRLGPQRHRLVHTLHHVLVDGWSMPILHRELAAIYAAGGDASG 
181 LPPAVSYRDYLAWLGRQDKESARAAWRDALAGLDTPTTVAPADPARVPDIDTAMVELSPE 
241 LTDDLLRLAHGHDLTLNTVVQGVWAVVLAQLAGRTDVVFGATASGRPAELAGVEAMVGLL 
301 LATLPVRVRLDGRQRVVDMLADLQRDQSALRAHQHLGLQEVQAVVGPGAVFDTLVIYENF 
361 PRTGLGGSADDGLVMRPVQKGRDSSHYPFTLVTGPGERMPVILYYDRGLFDQAAATSVLG 
421 AIVRVLERLVAEPGVLVGRLTLLGEAERAVVVGDWNATAGPVPGDSMVELFDRRVAAAPD 
481 TVAITDADGADLTYAEVDQASNRLAAHLADRGVRRGDRVGVAVERSADLPIVFLAIWKAG 
541 AAYVPVDVGYPAERIALILAGSAVSTVICTQATEAAVPQNVPQRATIVLDAPPTRAAVDA 
601 CAGTAPTFRPSAADLAYVMYTSGSTGVPKGVAVPHGAVAGLAGDAGWRIGPGDGVLMHAT 
661 HVFDPSLYEMWVPLATGGRVLVAAPGVVDAGGIRQAVARGATAVHLTAGTFRALAEASPD 
721 CFAGLREVGTGGDVVPAHTVAHLRRAQPQLRVRNTYGPTETTLCATWKPIEPGAQLGPEL 
781 PIGRPMTNRRIYILDAFLRPVAPGVAGELYIAGTGLARGYLSRPDLTAERFVACPFLAGE 
841 RMYRTGDLARWNRDGEVVFLGRADDQVKIRGYRVELAEVEAVLAAQPGVREAVVVAREDR 
901 PGERRLVGYVVSDAGELDTEQIRQQMARVLPGYMVPVAVIGLVSLPITANSKVDRRALPA 
961 PDLAGHASAKAPESATEKVLCALYAEILGVERVGVDDAFHDLGGSSALAMRLIARIREEL 
1021 GVDLPIRQLFSSPTPAGVARALAAKSRPALEAVTRPERVPLTARQLRAWLLARPSEETRG 
1081 RHLSVALRLRGRLDVAALEAALRDVAARHEILRTTFPGDAQTVHQHIHDAAPVRLTPVPA 
1141 TEEDLPARLAERGEQLFDLTRDMPWRCELFALSEKEHVLSVTVHRIAADDDSMDVFFRDL 
1201 AAAYGARRAGRAPERAPLALQFADYAIWEQRLLDGEREQDSLINDQITFWRNHLAGIDQE 
1261 TVLPFDRARPAIPSRRAGTVALRLDAGPHARLAEAVESAGADMPQLVQAALAMLLTRYGA 
1321 GTDLVIGTTLPRDEDLIDLEPMIGPFARPFPVRTDLSADPTFLEVVARVQEAVREARQHL 
1381 DVPFEKIPELLALPGSLSRHPVYQVGLQVREEDNGAWDAAELPALRTSVEPTGVEAIELD 
1441 LAFALTERRNDDDDEDGIEGALHYAADLFDHDTAASLARRLVRVLEQVAEDPGRRISDLD 
1501 ILLDDAERGAPAIAPARWAGAVPAAVADLVAAGPLGALVLDEAQRPVAPGTVGDLWVTGP 
1561 AVDADTGGRPSVPCPFGTPGHRMLHTGLLARKSPARTLVVVGERRGASASAKTGDYEVLL 
1621 PLRAAGDRAPLFCIHASGGLSWNYGPLLRHLPPNQPVYGVQARGLARTEPLPGSVEEMAA 
1681 DYVEQIRTVQPTGPYHLLGWSLGGRIAQAMAVLLEADGEKVGLLALLAAYPVYMGRKATG 
1741 TVTEEAARDEDALERRKQQELELAGQLVQGAGARSRLEAVMRNLWEVGPAHTASPFASDV 
1801 LLFVASVDRPAHLPVSEAIASWKDFTGGTIEPHEIATNHYEMVQPAALAQIGAIVAEKLR 
1861 SRPDA 
Figure 4-2 – Polypeptide sequence for the Tcp12 module comprising (C-A-PCP-X-TE) domains. 
The PCP domain (in green), the X-domain (in cyan), and TE domain (in orange) are highlighted, 
as well as the linker region that joins PCP and X-domain (brown bold). The positions of the 
mutations for DEER for the PCP and X-domains are highlighted in magenta. Endogenous 
Cys-residues mutated to Ser to ensure site-directed spin labelling are shown in red. The Ser residue 
where the peptidyl-CoA is attached to the PCP is shown in yellow. 
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Figure 4-3 – PCP7 from teicoplanin biosynthesis (PDB: 2MR7, 2MR8 [121]), H1(blue), H2(red), 
H3(magenta), H4(yellow), Ppant arm is not shown. 
 
X-domain. The X-domain is present in all final modules of GPA NRPS machineries. In 2015, 
Haslinger and co-workers [110] showed in vitro that the X-domain is responsible for the recruitment 
of oxygenases (P450s) to the teicoplanin NRPS-bound peptide. A complex of a P450 – X-domain 
(PDB: 4TX3 [110]) and the individual X-domain (PDB: 4TX2 [110]) were resolved via X-ray 
crystallography. The researchers also showed that the presence of the X-domain is essential to ensure 
the maturation of the peptide precursors to aglycone (which requires interaction with the oxygenases). 
Cytochrome P450 “Oxy proteins”. The three-dimensional structure of GPAs is established 
via cross-linking between their aromatic amino acids. The rigid 3D-backbone structure has an 
essential role because it assists the inhibition of cell-wall biosynthesis in Gram-positive bacteria.  The 
cross-linking of the GPA is performed by P450 oxygenases, so-called “Oxy proteins”. There are 
different Oxy proteins for carrying out specific reactions and the Tcp12 module that is the focus of 
study here, interacts with three Oxy proteins. Each type is responsible for an installation of one 
crosslink via a specific oxidation ring (OxyB: COD ring, OxyA: DOE ring, Oxy C: AB ring, as was 
explained in detail by Haslinger and co-workers [112] and shown in Figure 4-4, using the example of 
the final module of teicoplanin NRPS machinery – Tcp12). 
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Figure 4-4 – A) The structure of the GPA teicoplanin. B) Final module of teicoplanin NRPS 
machinery Tcp12. Tcp9-Tcp11 (in light grey) – the preceding modules. All domains of Tcp12 with 
the attached heptapeptide, which is oxidized by OxyA, OxyB, OxyC and OxyE (all P450 enzymes) 
in chain cross-linking reactions. The domains of Tcp12 are : C – condensation domain, A – 
adenylation domain, T – thiolation (or PCP) domain, X-domain, TE-thioesterase, OxyA-OxyE 
[112]. 
4.3 Research aims 
X-ray crystallography and NMR have provided structures and increased the understanding of 
the mechanism of individual NRPS domains, like the X-domain, or PCP-domain. However, it has 
been proved difficult to obtain crystal structures of even di-domain complexes, perhaps due to the 
conformation flexibility of NRPSs. Since even a small NRPS protein is well in excess of 100 kDa, 
the utility of solution state NMR is limited. In a similar approach to that taken for a structural study 
of the Zn2+-binding AdcA protein (Chapter 2), this research focuses on double electron-electron 
resonance (DEER) spectroscopy to characterise the solution structure of the di-domain X-PCP 
construct. 
Three aims were pursued in this study: 
1) To characterise the conformation space sampled by the di-domain construct X-PCP from 
the terminal module Tcp12 of the teicoplanin NRPS. This was done using double electron 
electron resonance (DEER) spectroscopy and Site-Directed Spin Labelling (SDSL) with 
15 double mutants with one label on the X-domain and one on the PCP domain. The 
measurements were carried out in 4 states 
(a) CP-X, unloaded 
(b) CP-X, peptide loaded state 
(c) CP-X, unloaded, with P450 OxyBtei protein 
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(d) CP-X, peptide loaded state, with P450 OxyBtei protein 
 
2) Rigid-body modelling. The conformation space described by the DEER distance 
distributions was modelled using rigid body structures for the X-domain and the PCP 
domain based on available crystal and NMR structures. 
3) Compare structural predictions from the DEER modelling to those from the few multi-
domain crystal structures available. 
4.4 Materials and Methods 
4.4.1 Structural models from available multi-domain crystal structures 
To better understand the behaviour of the PCP-domain relative to the X-domain and OxyB-
domain and plan the experimental part, two model-structures of the three key components (PCP-
domain, X-domain and OxyBtei) were used: PCPtyr-X-OxyBtei and PCP7-sky-X-OxyBtei. The X-OxyBtei 
structure was published by Haslinger and co-workers and is available as PDB: 4TX3 [110], and was 
used as a core. The position of the PCP-domain was aligned to the core. 
For the first model, the PCP-domain from the tyrocidine NRPS was used – PCPtyr. In this 
complex, the PCP-domain is connected to the downstream C-domain, which was found to be similar 
to the X-domain [110]. The complex PCPtyr-C di-domain is available as PDB: 2JGP [126]. The C-
domain was aligned to the X-domain in X-OxyBtei. 
The second model was created on the basis of another published structure, in which the PCP-
domain was trapped with P450 enzyme via a CoA-derived inhibitor – PCP7-sky-P450sky model as PDB: 
4PWV [127]. In this model we aligned P450sky to OxyBtei. 
In silico MTSL-labelling of these two structures was performed in the Multiscale Modelling 
of the Macromolecular (MMM) systems program [76, 98]. The proteins were labelled with the MTSL 
rotamer libraries at ambient temperature (295K) for each labelling site [40]. For each double-labelled 
mutant, the corresponding DEER trace and distance distribution were simulated using the same 
MMM package. 
4.4.2 Choice of MTSL labelling positions for DEER measurements 
The positions of the MTSL spin labels for the PCP-X protein were chosen to satisfy the 
following requirements: 
1) The positions should be surface exposed to provide thiol group accessibility to the spin 
label and also to minimize the potential changes in protein structure caused by the 
labelling [22]; 
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2) Placing a spin label on the linker region between the X and PCP domain is to be avoided; 
3) The introduced MTSL-labels should not affect the intramolecular interaction between the 
PCP-domain and the X-domain, and also the interaction of those domains with OxyBtei. 
4) The predicted distance distributions between two MTSL labels should be within the 
measurable range, ca. 15-80 Å. 
Considering the above-mentioned requirements, potential spin-labelled residue positions for trial 
model structures of the PCP-X construct were estimated via MMM [98], enabling a final design of 
the cysteine double-mutants. Their synthesis was carried out by Dr. Madeleine Peschke (Dr. Max 
Cryle’s group, Max Planck Institute for Medical Research, Heidelberg, Germany) and Dr. Max Cryle 
(currently Monash University, Melbourne, Australia). The chosen label positions are provided in 
Table 4-1 and the visualisation of the labels on two models is shown in Figure 4-5. Only the most 
probable spin label rotamer position calculated by MMM is shown in Figure 4-5. Five labelling 
positions were chosen on the X-domain. Four of these positions are located on the C-terminal side of 
the domain: T204C, A250C, A323C, A430C. One site was chosen on the N-terminal subdomain of 
the X-domain: A63C. This side is involved into the process of binding OxyBtei. However, introduction 
of a spin label does not affect the interactions with OxyBtei, or the PCP-domain. The four spin labels 
on the PCP-domain were positioned on helices: H1(A14C), H2(E51C), H3(S63C), H4 (A68C) 
(helices are shown in Figure 4-3). 
As a result, fifteen double-labelled mutants with one label on the PCP-domain and one label 
on the X-domain, and one double-labelled mutant with both labels on the X-domain (used as a 
standard for experiment verification) were synthesised. The sample numbering is shown in Table 4-1. 
 
Table 4-1 – PCP-X di-domain mutants labelling (OxyBtei did not carry spin labels) 
                 X 
PCP 
A63C T204C A250C A323C A430C 
A14C No. 7 No. 9 No. 11 No. 12 - 
E51C No. 13 - - No. 14 - 
S63C No. 15 No. 16 - No. 17 No. 18 
A68C No. 19 No. 20 No. 21 No. 22 No. 23 
                 X 
X 
A430C - - - - 
A323C No. 48 - - - - 
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A 
 
B 
 
Figure 4-5 – Illustration of MTSL positions on two models: (A) PCP7-sky-X-OxyBtei and (B) 
PCPtyr-X-OxyBtei. The conserved Serine residue on the PCP domain (in yellow with the red label 
“Ser”, and in yellow in Figure 4-2) is the attachment site of the Ppant-arm. 
 
4.4.3 MTSL labelling procedure 
Disclaimer: This part was performed by Dr. Madeleine Peschke (Dr. Max Cryle’s group, Max Planck 
Institute for Medical Research, Heidelberg, Germany). 
The respective double cysteine mutants were loaded with the MTSL spin label. Proteins were 
supplemented with TCEP (2mM) as a reducing agent to avoid the formation of intermolecular 
disulfide bridges and stored at -80°C until use. For the MTSL-labelling reaction the proteins were 
transferred into the MTSL-labelling buffer (50 mM Hepes, 50 mM NaCl, pH7.0) by gel filtration 
(NAPTM, GE Healthcare) following the manufacturers protocol. In this step, the TCEP which would 
directly cleave the covalent attached MTSL label from the protein, was removed from the protein 
solution. A 200 mM MTSL stock solution was prepared in 100% Acetonitrile (MeCN) to avoid the 
formation of MTSL-dimers, wrapped in foil and stored at - 20°C until use. The stock solution was 
diluted 1:10 in MTSL-labelling buffer and immediately used for the labelling reaction. The MTSL 
label was added in a 10-fold excess over the protein and incubated with the protein overnight under 
gentle rotation at 4°C. After the reaction, the unreacted MTSL label was removed from the protein. 
This was either achieved through a concentration-dilution (4x 1:5 dilution) procedure using low salt 
buffer (50 mM Hepes, 50 mM NaCl, pH7.0) (0.5 mL Ultracentrifugal filters, 50,000 MWCO, Merck 
Millipore) for the following PCP-modification reaction, or via SEC as a last purification step for the 
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proteins before the DEER measurements. Following the PCP-modification reaction, the samples were 
used for the P450 activity assay or further purified via SEC for the DEER measurements. 
A small subset of MTSL-labelled proteins was subjected to an additional PCP-loading 
reaction with T7P(D/L-Hpg7)-CoA conjugate. As a final purification step of the DEER protein 
samples, SEC using a Superose 12 10/ 300 GL (24 mL) column was performed in order to remove 
any soluble protein aggregates. Subsequently, the monomeric fractions of the proteins were combined 
and transferred into a deuterated DEER-measurement buffer (62.5 mM potassium phosphate pH 7.0, 
62.5 mM NaCl) via a repeated concentration dilution (4x 1:5 dilution) procedure (0.5 mL 
Ultracentrifugal filters, 100,000 MWCO, Merck Millipore). In a last preparation step, deuterated 
glycerol-d8 was added to the samples in order to obtain a final buffer composition of (62.5 mM 
potassium phosphate pH 7.0, 62.5 mM NaCl, 20% d8-glycerol (v/v)) and a protein concentration of 
50 µM for the labelled PCP-X variants. The proteins were measured either alone or in the presence 
of OxyBtei containing 50 or 100 µM (peptidyl-PCP-X samples) of OxyBtei. The samples were placed 
into X-band (70 µL sample volume) and Q-band (20 µL sample volume) EPR tubes and stored at 
- 80°C until measured. 
4.4.4 peptidyl-CoA- PCP-X:OxyBtei mutants to mimic loaded state of PCP 
Investigations performed by K. Haslinger and M. Peschke (Dr. Max Cryle’s group, Max 
Planck Institute for Medical Research, Heidelberg, Germany) showed that OxyBtei has a high affinity 
with complex peptidyl-bound PCP (Kd is in μM range [128]). This protein-protein interaction might 
be expected to reduce the PCP mobility in the complex PCP-X-OxyBtei and this might show narrower 
distance distributions in DEER experiments. 
To check this hypothesis, the holo- (or loaded) state of PCP was mimicked by loading the 
domain with peptidyl-CoA. The loading was done after MTSL treatment to prevent the thiol group 
of CoA from reacting with MTSL. For a peptidyl-CoA arm the vancomycin peptide with glycine at 
the seventh position coupled to CoA was utilised (sequence: D-Leu – D-Tyr – L-Asn – D-Hpg – D-
Hpg – L-Tyr – Gly). 
Four additional mutants were loaded with peptidyl-CoA for DEER measurements: No.7 
(PCP-X: A14C-A63C), No.12 (PCP-X: A14C-A323C), No.16 (PCP-X: S63C-T204C), No.18 (PCP-
X: S63C-A430C), that were prepared with and without OxyBtei. 
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4.5 Experimental part 
4.5.1 Protein integrity control - analysis of the double cysteine variants of PCP-X 
Disclaimer: This part was performed by Dr. Madeleine Peschke (Dr. Max Cryle’s group, Max Planck 
Institute for Medical Research, Heidelberg, Germany) and described in her final thesis. 
Sixteen double-labelled mutants were cloned, expressed and purified (Table 4-2). A series of 
control experiments were run to confirm that the Cys-mutation and introduction of spin labels do not 
disturb the protein structure. 
The monomeric state of the protein mutants was confirmed by Size Exclusion 
Chromatography (SEC), and the mass of the protein was calculated in the range from 135.7 to 185.2 
kDa (wild-type (WT) reference value = 132.6 kDa). After the labelling with MTSL, the molecular 
weight of the variants was assessed in the range of 124.5 and 153.3 kDa (Table 4-2). Dynamic Light 
Scattering (DLS) was performed to determine the size distribution profile of the variants based on the 
diffusion of the protein particles in solution. DLS results showed that all protein variants were 
homogenous monodisperse in solution with a hydrodynamic radius of the particles ranging from 4.49 
and 4.87 nm (WT reference value = 4.67 nm). The molecular weight estimated on the basis of the 
hydrodynamic radius ranges from 115.7 – 139.6 kDa and is in a good agreement with the expected 
size of the monomeric proteins (Table 4-2). 
To analyse the secondary structure further, circular dichroism (CD) spectroscopy was 
employed. The far-UV spectra recorded for the different variants were similar to the spectra observed 
for the WT protein (Figure 4-6). 
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Figure 4-6 – Circular dichroism (CD) spectra of the PCP-X di-domain wild type protein (black 
curve) and the double cysteine variants sorted by the mutation in the PCP-domain: 
first number assigns the mutation in the PCP-domain: 1- A14C, 2- E51C; 3- S63C, 4- A68C, 0- 
no mutation in the PCP-domain; second number assigns the mutation in the X-domain: 1- A63C, 
2- T204C; 3- A250C, 4- A323C, 5- A430C; WT – a wild type protein; ΔCys - cysteine 
substitution variant (PCP: C13S, X: C123S, C529S). 
 
Thermal stability of the protein variants was assessed by recording the CD signal at 220nm with 
increasing temperature. The monophasic melting curves obtained for all variants demonstrated the 
melting temperature in the range of 58.9°C and 63.5°C (WT reference value = 62.4°C) (Table 4-2 
and Figure 4-7). 
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Figure 4-7 – CD spectroscopy melting curves obtained for the PCP-X di-domain wild type protein 
(black curve) and the double cysteine variants sorted by the mutation in the PCP-domain: 
first number assigns the mutation in the PCP-domain: 1- A14C, 2- E51C; 3- S63C, 4- A68C, 0- 
no mutation in the PCP-domain; second number assigns the mutation in the X-domain: 1- A63C, 
2- T204C; 3- A250C, 4- A323C, 5- A430C; WT – a wild type protein; ΔCys - cysteine 
substitution variant (PCP: C13S, X: C123S, C529S). 
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Table 4-2 – Summary of the data obtained from the PCP-X di-domain protein characterization. 
All variants are based on the ΔCys - cysteine substitution variant (PCP: C13S, X: C123S, C529S, 
shown in Figure 4-2). MW – molecular weight, CD – circular dichroism, DLS – dynamic light 
scattering, Rh – hydrodynamic radius, n/d – not determined. 
ID mutations CD DLS Gel filtration 
 PCP X melting 
temperature 
[°C] 
radius Rh 
[nm] 
MW [kDa] MW 
calculated 
using 
standard 
calibration 
curve [kDa] 
MW 
calculated 
theoretically 
[kDa] 
WT - - 62.4 ± 0.1 4.67 126.6 132.6 n/d 
ΔCys - - 58.9 ± 0.1 4.68 126.8 138.6 n/d 
1-1 A14C A63C 61.8 ± 0.1 4.68 127.2 142.7 129.6 
1-2 A14C T204C 62.3 ± 0.1 4.69 127.3 145.5 129.6 
1-3 A14C A250C 63.5 ± 0.2 4.71 128.7 138.0 131.4 
1-4 A14C A323C 62.2 ± 0.1 4.60 122.0 143.9 126.6 
2-1 E51C A63C 59.2 ± 0.1 4.53 117.4 162.6 130.3 
2-4 E51C A323C 60.4 ± 0.1 4.54 124.4 163.8 126.3 
3-1 S63C A63C 59.3 ± 0.1 4.78 133.4 135.7 132.2 
3-2 S63C T204C 59.7 ± 0.1 4.49 115.3 140.5 127.4 
3-4 S63C A323C 59.4 ± 0.1 4.57 120.1 141.8 123.4 
3-5 S63C A430C 59.9 ± 0.1 4.76 132.4 147.0 129.6 
4-1 A68C A63C 60.8 ± 0.1 4.72 129.7 178.5 145.7 
4-2 A68C T204C 60.8 ± 0.1 4.83 136.5 172.1 148.7 
4-3 A68C A250C 59.9 ± 0.2 4.87 139.6 182.8 146.2 
4-4 A68C A323C 59.9 ± 0.2 4.63 123.5 179.6 143.3 
4-5 A68C A430C 61.4 ± 0.1 4.58 120.3 185.2 151.3 
0-4/5 A323C A430C 61.1 ± 0.1 4.74 131.0 142.4 124.5 
 
Based on these control experiments, it is concluded that the mutant proteins have similar 
characteristics to those of the WT and thus the isoforms are suitable for structural analysis by DEER 
spectroscopy. 
4.5.2 DEER experimental parameters 
Four-pulse DEER data were recorded on an X/Q-band Bruker Elexsys E580 Bruker 
spectrometer equipped with high power microwave amplifiers (200 W at Q-band, Applied System 
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Engineering, Inc, Model 187ka) and a cryogen free cryostat from Cryogenics (Model PT415). At Q-
band (ca. 34.3 GHz) DEER traces were acquired at 55 K using the four-pulse DEER sequence (shown 
and discussed in Chapter 1, Section 1.2.3): 
2

 (det) - 1- (det) - (1t) - (pump) - (+t) - (det) -  
- echo. The observer 
2

 and  pulses were of length t/2 = 14 ns and t = 28 ns respectively. The 
pump pulse had a length of t = 12 -16 ns depending upon the available microwave power and was 
set to 65 MHz higher in frequency than the detection pulses. The Q-band resonator (Model 
EN5107D2) was overcoupled and with the pump pulse 60-65 MHz higher than the microwave mode 
of the resonator and the field was set 2 Gauss lower than the maximum of the nitroxide spectrum 
signal intensity. Deuterium modulations were supressed by varying delay 1, starting at 112 ns and 
using an increment 1=16 ns with 8 increments and adding these DEER traces. The  delay between 
the first Hahn echo and the final observer pulse was between 3.5 ms to 8 ms, depending upon the 
sample (see figures in the Results section), with an increment  = 12 ns. Distance distributions from 
the DEER time traces were computed using the Matlab-based program DeerAnalysis 2016 using 
Tikhonov regularization [16]. 
4.5.3 Results and discussions 
DEER traces obtained for all sixteen mutants and the corresponding distance distributions are 
provided in Figure 4-8 and Table 4-3. These tables also contain the comparison of distances calculated 
from DEER experiments and simulation from two in silico PCP-X models (discussed in Section 4.4.1 
above). 
The distance distributions computed for the PCP-X samples without OxyBtei are relatively 
broad in comparison to the distance distribution expected from a single protein conformation 
containing two MSTL rotamer distributions. Sample No.48 with two spin labels on the X-domain 
(A323C/A430C) serves as a control for this and displays a distance distribution where position and 
width are well modelled using the X-domain crystal structure and attached MTSL labels in silico. 
The PCP-X data thus indicate that there is a large number of conformations of the PCP-X domain, 
while sample No.48 provides justification for treating the X-domain as a rigid-body to model the 
DEER data. 
It is possible in principal, that the broad distance distributions are a result of unwanted 
oligomerisation of the PCP-X protein (as a general example of this see Schmidt and co-workers’ data 
on E.coli thioredoxin [129]). However, the protein control No.48 suggests this is not the case. In 
addition, the long decay TM (phase memory) times of all the samples enabled traces with lengths > 4 
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s to be easily recorded, which would not be the case in oligomers. Here the higher local 
concentration of spins (MTSL) dramatically shorten TM times and consequently the DEER trace 
length that can be recorded. The modulation depth is also an indicator of potential oligomerisation; 
in the current sample it varies by about 20% but this may readily be explained by small differences 
in labelling efficiencies and also in the DEER experiments where the pump pulse excitation was 
slightly variable (t = 12-16 ns in the experiments), which directly affects the modulation depth. 
Taken as a whole, these observations and the protein integrity controls (CD, melting curves, etc. 
presented above) indicate that there is no serious oligomerisation occurring in the samples. 
The samples with the peptidyl-CoA arm did not show a significant difference from the same 
samples without the arm, see #7 (PCP-X: A14C-A63C), #12 (PCP-X: A14C-A323C), #16 (PCP-X: 
S63C-T204C), and #18 (PCP-X: S63C-A430C)). This is as expected since the peptidyl-CoA arm 
should not interact strongly with the X-domain; its function is to dock OxyBtei proteins to the NRPS 
protein. 
Comparing PCP-X:OxyBtei samples to only PCP-X samples reveals that in some samples a 
significant reduction in the width of the DEER distributions results occurs. This difference is greatest 
for samples No.16 and No.18, a small reduction is observed for No.7 and No.12, and essentially there 
is no difference in the DEER distance distribution width for samples No.9, No.11, No.14, No.17, 
No.19, No.20, No.21, No.22, and No.23. Sample No.15 appears to produce a second distinct 
conformation with addition of OxyBtei, which could indicate that only a fraction of the sample forms 
a CP-X:OxyBtei complex. This sample needs to be remade and measured to confirm this result. The 
width of the distance distribution for samples No.16 and No.18 is below that expected for a pair of 
freely solvent exposed residues even for a single conformation. It is thus very likely that at least one 
of the MTSL labels for these samples has a very much reduced set of rotamers, presumable because 
of the formation of a PCP-X:OxyBtei complex.  
The results are not significantly dependent upon the presence of the peptidyl-CoA arm as 
mentioned above. For example No.16: (peptidyl-CoA)-PCP-X:OxyBtei and PCP-X:OxyBtei systems 
have very similar DEER data, and likewise PCP-X versus (peptidyl-CoA)-PCP-X are very similar. 
Introducing the (peptidyl-CoA) arm makes only small (but noticeable) difference to the shape of the 
distance distributions. 
Taken as a whole, the DEER indicate a large degree of freedom between the PCP and X 
domains. The addition of OxyBtei to PCP-X restricts the conformation space of the PCP domain 
presumably because of the formation of a protein:protein complex, PCP-X:OxyBtei. The PCP domain 
however retains some flexibility with respect to the X-domain, as some spin label pairs (DEER 
distance distributions) are more affected than others. Evidently the peptidyl-CoA arm does not lock 
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the system into a definitive conformation, i.e. by formation of a (peptidyl-CoA)-PCP-X:OxyBtei 
complex where the peptidyl-CoA arm binds tightly to the active site of the OxyBtei (which is essential 
at some stage during catalysis to perform its role) and at the same time OxyBtei forms a tight complex 
with the X-domain. It is quite possible that the PCP-X:OxyBtei complex is transient in nature (it must 
be to function correctly) and also dependent upon the loaded state of the PCP. For example (PCP-
X:OxyBtei) may form a tight complex, but not when the PCP is in the loaded state; i.e. OxyBtei only 
interacts with peptidyl-CoA arm when the (X:OxyBtei) complex is broken, i.e. (OxyBtei(peptidyl-
CoA)-PCP-X). This type of reaction kinetics would allow release of OxyBtei protein once it binds 
peptidyl-CoA and starts its catalytic function. At the time of this thesis, DEER constraints between 
OxyBtei and PCP, and between OxyBtei and X, were not available (but see the conclusion and future 
work). 
Next we sought to define a conformation space that explains the DEER distance distributions 
using a rigid-body model, i.e. the X-domain and PCP-domain are rigid-bodies and connected by the 
flexible linker between them: PCP (PDB: 2MR7 [130]) and X-domain (PDB: 4TX2 [110]). To 
investigate this we firstly used HADDOCK (a rigid-body docking program) to generate rigid-body 
docked PCP-X structures, and secondly a more flexible model where all relative orientations of the 
PCP and X domain were considered that are feasible in terms of the length of the flexible linker 
joining the two structures. Since we have no constraints to the OxyBtei protein at this time, this was 
not included as a constraint, but the conformation space defined was checked post computations for 
feasibility against the expected position of OxyBtei according to the X:OxyBtei crystal structure (PDB: 
4TX3). 
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Figure 4-8 – Set of DEER traces and related distance distributions obtained for sixteen protein 
mutants: PCP-X di-domain (set 1, in blue (without peptidyl arm) / in cyan (with peptidyl arm)) and 
PCP-X di-domain in presence of OxyBtei (set 2, in red (without peptidyl arm) / in magenta (with 
peptidyl arm)) labelled with the MTSL spin probe as shown in Table 4-3. Note: DEER traces in 
cyan and magenta are collected for the peptidyl-CoA-PCP-X (OxyBtei) samples. 
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Table 4-3 – Distance distributions simulated on the two models: PCP7-sky-X-OxyBtei and PCPTyc-X-
OxyBtei, and measured via DEER (computed via Tikhonov regularization). 
Sample 
No 
1st mut 
on 
PCP- 
2nd mut 
on 
X- 
Predicted distance, 
PCP7-sky, 
r, Å/σ, Å /∆,%
* 
Predicted 
distance, PCPTyc, 
r, Å/σ, Å /∆ %
* 
without 
OxyBTei, 
<r>, Å 
with 
OxyBTei, 
<r>, Å 
7 A14C A63C 41.1/4.8/12% 46.7/3.8/8% 50.8 50.6 
9 A14C T204C 29.3/4.2/14% 16.3/5.2/32% 36.0 35.5 
11 A14C A250C 50.4/3.3/7% 28.9/4.4/15% 57.8 53.7 
12 A14C A323C 41.1/3.9/10% 14.7/5.0/34% 46.4 45.1 
13 E51C A63C 34.2/4.0/12% 44.3/3.8/9% 49.0 49.2 
14 E51C A323C 41.4/4.4/11% 21.6/4.2/20% 46.3 42.8 
15 S63C A63C 40.8/4.0/10% 42.1/5.1/12% 47.4 42.2 
16 S63C T204C 28.9/5.5/19% 34.2/4.3/12% 28.9 32.6 
17 S63C A323C 19.9/4.5/23% 36.8/3.9/11% 40.1 38.8 
18 S63C A430C 39.9/3.6/9% 60.2/4.7/8% 63.3 56.7 
19 A68C A63C 48.6/3.1/6% 40.0/4.8/12% 44.6 45.1 
20 A68C T204C 24.4/5.3/22% 33.4/3.8/11% 32.4 29.3 
21 A68C A250C 30.6/3.4/11% 30.1/3.9/13% 50.6 47.9 
22 A68C A323C 20.1/4.2/21% 27.8/3.9/14% 43.4 40.7 
23 A68C A430C 49.8/3.5/7% 44.8/4.1/9% 66.6 62.2 
48 A323C A430C 36.6/3.5/10% 35.5 n/m 
* 100%
r

    
4.6 Rigid-body modelling 
4.6.1 Docked rigid-body models using HADDOCK 
Disclaimer: The HADDOCK simulation was performed by Dr. Evelyne Deplazes (currently ANU, 
Canberra). 
To model the DEER data and thus define PCP-X structures and surface interfaces between the 
two domains, rigid-body docking using HADDOCK [131] was trialled. The hypothesis for this 
approach is that the individual domains (PCP and X) do not experience large conformational changes 
(are rigid bodies), and the PCP-X construct reorients via the flexible linker that joins the two domains. 
The hypothesis is well supported as discussed above, and also by the available crystal structures 
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where individual domains structures have been shown to be very similar to those of the corresponding 
multi-domain construct structures [126, 127]. 
Using the HADDOCK web server, 25,000 structures of a potential PCP-X construct were 
generated using the PCP (PDB: 2MR7 [130]) and X-domain (PDB: 4TX2 [110]) crystal structures. 
The HADDOCK algorithm adds protons and any missing chains to a “start” structure, and then moves 
the domains relative to each other with the condition that the two domains are docked. The flexible 
linker is not included in this search, so the PCP-domain and X-domain represent two separate proteins 
in this search. The search was ‘loosely’ restricted so that the two domains could potentially be joined 
by the linker region subsequently to the docking to obtain a PCP-X protein. This was done by 
restricting the linker region (residue) on the PCP and the X domain so as to be facing each other (on 
the same side of the protein). 
After performing rigid-body docking of the individual PCP and X domains, the resulting 
structure models were used to simulate the corresponding DEER traces by attaching the MTSL spin 
labels to each docked structure in silico using MMM [76, 98] and computing the corresponding 
distance distributions. The simulated distance distributions were compared to those from DEER 
experiments, and the residual norm was calculated. The aim was to rank HADDOCK structures into 
the best single structure, and the best set of structures that gives the best fit to the DEER data. 
The results obtained from HADDOCK/MMM rigid-body simulations did not show a good fit 
with the DEER experimental data, even after summing DEER traces predicted from a large number 
of possible HADDOCK structures to model a range of domain-domain orientations. This 
demonstrates that the PCP and X domain do not always form a tight complex with a defined surface 
interface. The result from the best single-structure HADDOCK simulation is shown in Figure 4-9 in 
comparison to obtained DEER distributions. These data shows that this is a possible structure that fits 
reasonably well within the distance distributions determined by DEER, but clearly many more 
conformations must contribute to obtain the DEER distance distribution widths. This is consistent 
with the assertion that the PCP domain is able to occupy a large region of space relative to the X-
domain and that the linker provides for this flexibility. 
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Figure 4-9 – Comparison of simulated versus DEER distance distributions. Black: DEER for the 
15 unloaded PCP-X constructs (no OxyBtei protein). Blue: best single-conformation distance 
distribution simulated from a set of 5000 HADDOCK structures. 
4.6.2 Rigid-body models – ‘two beads connected by a piece of string’ 
To determine if a set of conformations between the X and PCP domains that is consistent with 
the DEER data exist, a ‘two beads connected by a piece of string’ model was investigated. The beads 
are the PCP and X domain, and the string is the linker between them. In accordance with this model, 
the PCP domain was allowed to occupy all positions where the distance and orientation between the 
PCP and X domain is potentially feasible in terms of the expected linker length. This basic model is 
important to identify a feasible solution space, and to then use this as a basis for modelling in the 
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linker residues and thus obtaining a full structural model for the PCP-X construct. This last step was 
not achieved during this work. However, a feasible conformation space is identified using the ‘two 
beads connected by a piece of string’ model. 
Defining the Conformation Space Search. A search space of possible PCP-X conformations 
was constructed by searching a large region of space where the linker distance between the PCP and 
X domains was kept within a sensible range. This was done by restricting the distance between the 
last PCP residue and a patch around the first X-domain residues to allow for linker flexibility (see 
Figure 4-2 for the sequence). The patch on the X-domain was defined by four residues to allow for 
possible movement of the linker region, see Figure 4-10. 
A 
 
B 
 
Figure 4-10 – Representation of the constraint used for the PCP-X linker region for the ‘two 
beads connected by a piece of string’ model. (A) Extent of the patch region on the X-domain, 
shown in red. (B) A PCP-X conformation, the line (9.1 Å) shows the distance between the PCP 
and X-domain (last and first residue, respectively), the break in the polypeptide comprises the 
linker residues (Figure 4-2, residues in bold brown). 
 
The criterion for a potential structure was the distance between the patch on the X-domain and 
the residue on the PCP domain to be <7.5 Å. Next, all possible PCP structures fulfilling this criterion 
were generated with a certain resolution for the 3D search space. This resolution was defined by a 
grid with a translational resolution of 3Å (along the x, y, and z directions), and a rotational resolution 
of 3 (rotation around the centre of mass of the PCP using Euler rotation defined by angles (,,)). 
This procedure produced a large number of potential PCP-X conformations, 13977 in total. 
Modelling the DEER data. The same basic approach to finding the best fit to the DEER data as 
for the AdcA protein (Chapter 2) was used. Thus, each conformation in the search space, comprising 
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13977 structures was spin labelled with MTSL and distance distributions ( )
j
iP r  calculated for each 
double mutant, 15 in total for each PCP-X conformation (i = 1 to 15, j = 1 to 13977). These data were 
then arranged into a large matrix with each column containing the set of distance distributions for 
each conformation. The DEER distance distributions for each PCP-X mutant were similarly arranged 
into a long column, and the best fit to the experiment was then sorted according to 
y=
1 2 3 13977
1 1 1 1 1
1 2 3 13977
2 2 2 2 2
1 2 3 13977
3 3 3 3 3
1 2 3 13977
15 15 15 15 15
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( ) ( ) ( ) ( ) ... ( )
... ... ... ... ... ...
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   
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  
   
   
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13977
...




 
 
 
 
 
 
 
 
 = Aω Eq. 4-1 
where ω is a column vector (of length 13977) containing the contributions (weightings) of each rigid-
body conformation to the modelled distance distribution, and yi(r) and ( )
j
iP r  represent columns 
containing the distance distributions (i = 1 to 15) and rigid-body conformations (j = 1 to 13977). 
Coefficients ω were determined by minimisation of the objective function 
q = (y  Aω)2 Eq. 4-2 
The fits to the DEER distribution for the case of the PCP-X (without OxyBtei) samples are 
shown in Figure 4-12 (red) and fit the experimental data extremely well. The conformation space 
defined by this best solution is shown in Figure 4-11. The Serine residue where the peptidyl-CoA is 
attached to the PCP (see Figure 4-2, in yellow) moves by up to a distance of 11 Å, which would 
potentially allow it the flexibility to reach the catalytic domains of Tcp12 (C,A,TE in the Tcp12 
module C-A-PCP-X-TE). The corresponding analysis for the (PCP-X:OxyBtei) samples is shown in 
Figure 4-13 (DEER distance distributions and the simulation) and the conformation space is similar 
to the PCP-X case (data not shown). 
  
 112 
 
A 
 
B 
 
 
 
Figure 4-11 – Representation of the conformation space for the PCP-X model for the ‘two beads 
connected by a piece of string’ model. Red – X-domain, cyan – PCP domain, green OxyBtei protein. 
(A) View showing the conformation space of the PCP relative to the X-domain. (B) Two views 
where the OxyBtei protein docked to the X-domain according to the corresponding crystal structure. 
This shows that the conformational space of the PCP-X construct does not interfere with the 
X:OxyBtei interaction. 
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Figure 4-12 – Simulations for the ‘two beads connected by a piece of string’ for the PCP-X 
samples (without OxyBtei). Black: DEER distance distributions. Red: best fit simulation for the 
PCP-X model which used 72 structures to fit the DEER data.  
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Figure 4-13 – Simulations for the ‘two beads connected by a piece of string’ for the PCP-
X:OxyBtei samples. Black: DEER distance distributions. Red: best fit simulation for the PCP-X 
model which used 45 structures to fit the DEER data. 
4.7 Conclusions 
This study has established that the PCP-X domain is highly flexible. By treating the PCP and 
X domains as rigid-bodies, rigid–body modelling was able to establish a conformation space where 
the PCP can move relative to the X-domain, presumably via the flexible linker joining the two 
domains. This conformation space was in good agreement with the corresponding DEER distance 
distributions for fifteen double mutants. Fits to the PCP-X samples were very well modelled with this 
approach. Addition of OxyBtei narrowed some of the distance distributions, indicating that the 
conformation space is restricted to an extent. Two of the mutants (No.16 and No.18) had extremely 
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narrow distance distributions presumably caused by the presence of OxyBtei restricting the spin label 
rotamers. Thus, OxyBtei needs to be explicitly incorporated into a more advanced structural model 
than attempted in this work. However, the effect is not likely caused exclusively by OxyBtei, because 
DEER data of the samples with and without OxyBtei are similar. More likely it is caused by the 
positions of PCP relative to X-domain. Future modelling work is required to investigate this complex 
further. 
The addition of the peptidyl-CoA arm made very little difference to the distance distribution 
widths, for both the PCP-X and PCP:X:OxyBtei samples. Modest differences in the shape of the 
distance distributions were observed when the peptidyl-CoA arm was present. This intriguing 
observation may hint at the mechanism of interaction of the NRPS with the OxyBtei protein, where 
PCP-X:OxyBtei forms a tight complex, but the presence of the peptidyl-CoA arm on the PCP leads to 
a loosening of the stability of the PCP-X:OxyBtei complex where it is potentially transient in nature. 
This may allow OxyBtei to be released from the X domain when peptidyl-CoA binds so it can be 
released after catalysis. Potentially an equilibrium between structures of the form 
 
(peptidyl-CoA)-PCP-X:OxyBtei      OxyBtei:(peptidyl-CoA)-PCP-X 
 
exists. This type of reaction dynamic would allow release of OxyBtei protein from the X domain once 
it binds peptidyl-CoA to its active site and starts its catalytic function. At the time of this thesis, DEER 
constraints between OxyBtei and PCP, and between OxyBtei and X, were not available to test this 
hypothesis. 
4.8 Future directions 
Measuring distance distributions between MTSL spin label and Fe3+ P450 heme for the same set 
of mutants. 
OxyBtei contains a Fe3+ heme paramagnetic centre at its active site that can exist in two spin 
states: low spin (s = 
1
2
) and high spin (s = 
5
2
) [132]. This presents the possibility of measuring the 
distance distributions between an MTSL spin label sitting on either PCP or X-domain and the Fe3+ of 
OxyBtei (Figure 4-14 (A)). However, measuring the distance between the MTSL and the metal ion 
(Fe3+) is more complicated because of the broadness of the metal ion EPR spectrum which created 
orientation selection problems for DEER, i.e. large difference between the g-factors of the nitroxide 
and the metal ions coupled with the limited bandwidth of an EPR resonator. Yet this distance 
constraint could be of great value, as to date no distances between PCP and OxyBtei or between the 
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X-domain and OxyBtei have been measured. The labelling of OxyBtei with an MTSL spin label is not 
easy, because OxyBtei contains a number of surface exposed Cys residues that may introduce 
structural changes if mutated. 
Another technique that can be used to measure the distance between a spin label and metal 
ion is RIDME (Relaxation-induced Dipolar Modulation Enhancement). This is a one-frequency 
technique that is advantageous to DEER in overcoming the complications discussed above [133]. 
The originally introduced three-pulse RIDME technique [133] and the subsequently suggested 
four-pulse RIDME technique, [134] suffer from a dead-time. The dead-time leads to a severe 
distortion of the Pake spectrum (similarly to a three-pulse DEER as discussed in Chapter 1, Section 
1.2.3), which significantly complicates data analysis. However, the five-pulse dead-time-free RIDME 
sequence overcomes these problems (Figure 4-14 (B)) [135]. The RIDME technique has been well 
developed for the current spin system where the flipped spins (here Fe3+) have a much faster spin-
lattice relaxation time than the detection spins (here MTSL). 
A. 
 
B. 
 
 
 
C. 
 
Figure 4-14 – (A) PCP-X domain (green/blue) and OxyBtei (brown). RIDME can be employed to 
measure the distance distributions between nitroxides sitting on X (dotted lines in magenta) or PCP 
(dotted lines in red) domains and the Fe3+ metal ion. (B) Five-pulse RIDME experiment: PE –
primary echo, VE – virtual echo, RVE – refocused virtual echo. (C) 8-step phase cycling for 5-
pulse RIDME sequence (adopted from [136]). 
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Chapter 5. Optimizing the transformation of HYSCORE data 
using the maximum entropy algorithm 
 
This chapter is reproduced from the publication: 
Motygullina, A.E., M. Mobli, and J.R. Harmer, Optimizing the transformation of HYSCORE data 
using the maximum entropy algorithm. Journal of Magnetic Resonance, 2019. 301: p. 30-39. 
 
 
Contribution: 
1) Conducted a literature review on the Maximum Entropy applications for NMR data 
reconstruction and application of RNMRTK toolbox; 
2) Participated in the design of the project concept; 
3) Participated in HYSCORE data collection for dataset-1 and dataset-3; 
4) Data analysis: used RNMRTK toolbox for all data collected and post-processing data in 
Matlab; 
5) Data interpretation; 
6) Participated in preparation of paper manuscript and editing. 
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5.1 Introduction 
Pulse electron paramagnetic resonance (EPR) offers the possibility to characterize 
paramagnetic systems in great detail by allowing many of the unresolved couplings in a continuous 
wave (CW) EPR spectrum to be resolved and quantified. Time-domain pulse EPR experiments [1] 
are typically carried out by recording the intensity of an electron-spin echo while incrementing one 
or more delays in the pulse sequence. A discrete Fourier transformation (DFT) is then almost 
universally used to compute the frequency domain spectrum from which the magnetic couplings can 
be conveniently extracted, often via simulation [137]. The most widely used and informative electron 
spin echo envelop (ESEEM) experiment to measure nuclear quadrupole and hyperfine couplings uses 
the four pulse hyperfine sublevel correlation (HYSCORE) sequence [1, 138]. Even though EPR 
experiments are in general considered sensitive due to the large electron spin magnetic moment, the 
time required to record data from multi-dimensional pulse EPR experiments with two or more indirect 
dimensions is often prohibitive. This is particularly relevant for paramagnetic centres in biological 
samples which may only be available at low concentrations (e.g. >10 M), and also for minor species 
in complex mixtures. To overcome sensitivity issues, the time trace length can be reduced albeit at 
the expense of resolution, or as we showed in a preliminary report [139], the time domain data can 
be sampled non-uniformly and the frequency spectrum reconstructed using the method of Maximum 
Entropy (MaxEnt). 
In this paper we will again concentrate on the four-pulse two-dimensional (2D) technique 
HYSCORE. The sequence (Figure 5-1) has two indirect dimensions, with both t1 and t2 having to be 
incremented stepwise to record a matrix of intensities in the time domain, Y(t1,t2). This incrimentation 
scheme makes the data acquisition time consuming, and as a result HYSCORE data are often 
truncated before the signals have decayed to below the noise level. 
In multi-dimensional NMR spectroscopy non-uniform sampling (NUS) schemes in 
conjunction with the method of Maximum Entropy (MaxEnt) for spectrum reconstruction has been 
intensely investigated over the last decades [140-150]. The main advantage of this methodology for 
NMR data is a significant reduction in measurement time with an increase in resolution [143]. In 
NMR spectroscopy the NUS+MaxEnt methodology is developing into a key technique because of a 
number of desirable properties: (1) it is free of prejudice concerning missing data points in a NUS 
scheme, (2) it does not exhibit starred peaks or ‘sinc-wiggle’ artefacts, as the frequency domain is 
determined directly and not by the discrete Fourier transformation (DFT), and (3) artifact signals in 
the reconstructed spectrum are minimized due to the incorporation of the entropy term in the objective 
function. 
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A disadvantage of the MaxEnt algorithm is that it scales signal intensity and thus peaks non-
linearly by pushing weaker intensities more toward zero as compared to stronger intensities [151, 
152]. Consequently, it is unlikely that noise will be falsely identified as peaks in a well optimized 
MaxEnt spectrum, but the weakest real peaks could be lost in the noise, potentially leading to a loss 
of information. The exact details of the MaxEnt spectrum reconstruction depend upon two user input 
variables aim and def. The goodness of fit is defined by aim and is best adjusted in accordance with 
the noise level of the data, and def controls the relative weighting of the entropy term in the objective 
function and is chosen relative to aim. These two parameters dictate the degree of non-linearity in the 
reconstruction of the spectrum intensities. The non-linear characteristic of the MaxEnt algorithm 
makes accurate quantification of peak heights in general, difficult. To be reliable for HYSCORE 
applications, the dependence of the MaxEnt parameters on the spectrum outputted needs to be well 
understood and characterized. 
Although the nature of the data to be transformed by HYSCORE and n-dimensional NMR is 
in principle similar, the techniques have large differences in the details of the spectrum, with 
HYSCORE spectra typically exhibiting long ridges of complex shape, variable linewidths, and peak 
intensities which very often vary by an order of magnitude or more [139]. Therefore, if the 
NUS+MaxEnt method is to be employed generally to HYSCORE data, the user adjustable parameters 
of the algorithm should be investigated and suitable ranges defined for the specific requirements of 
HYSCORE. In our preliminary paper on the application of the MaxEnt algorithm to HYSCORE data, 
we investigated non-uniform sampling (NUS) schemes and determined that about 20% or less of the 
linearly sampled data points were required to accurately compute a spectrum where the peak positions 
(frequencies) are faithfully determined [139]. This established that significant reductions in 
acquisition times are possible with minimal distortions of the frequency spectrum in terms of peak 
positions. However, we did not investigate in any detail sensitivity with respect to detection of the 
weakest peaks, the non-linearity of the frequency spectrum reconstruction, or investigate the intensity 
profile of the HYSCORE ridges and peaks in any detail. These aspects therefore warrant a detailed 
study. 
In this paper we explore the use of the maximum entropy approach in terms of sensitivity to 
detect the weakest peaks in the spectrum, the ability to faithfully reconstruct the shape of 
HYSCORE ridges, and the non-linearity of the reconstruction in terms of aim and def and if it can 
be characterized by the introduction of synthetic peaks with known intensities. Firstly we will 
characterize in detail the sensitivity of the NUS+MaxEnt method to detect the weakest peaks in two 
datasets: the first one where only one set of cross-peaks is detected with a poor signal to noise ratio 
(SNR) and poor spectral resolution, and the second where many cross-peaks are determined with a 
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large range of signal intensities and with high spectral resolution. The sensitivity of constant time 
experiments and minimum time experiments for both US+DFT and NUS+MaxEnt are explored. We 
also investigate MaxEnt sensitivity and linearity on aim and def and characterise how these 
parameters affect the reconstruction of the shape of HYSCORE ridges. Lastly, we will show how 
the MaxEnt algorithm applied to linearly sampled data can be used as an alternative to the routinely 
employed DFT that suffers from windowing artefacts. This approach was investigated in 1995 by 
Hore [153] in relation to NMR data processing, but is potentially more relevant to HYSCORE data 
as normally the time domain data are truncated, which results in starred peaks (“sinc wiggles”) in 
the frequency domain, a problem exacerbated by peak intensities which vary by more than an order 
of magnitude. This characteristic makes the weakest peaks susceptible to distortions from 
windowing artefacts from the strongest peaks. 
5.2 Methods 
5.2.1 MaxEnt algorithm for spectral reconstruction 
Here we provide an overview of aspects of MaxEnt that are important for this work, in 
particular for HYSCORE. A detailed overview of the MaxEnt reconstruction method for NMR 
spectra is discussed in detail elsewhere [141, 153-157]. In the work presented here the MaxEnt 
reconstruction of HYSCORE data was carried out using the Rowland NMR Toolkit (RNMRTK) 
[158-160]. The MaxEnt algorithm finds the spectrum f , which maximizes the entropy ( )S f , and which 
at the same time is consistent with the experimental (measured) data. The MaxEnt objective function 
to be maximized is, 
( , ) ( ) ( )Q S C f d f f,d  Eq. 5-1 
where λ is a Lagrange multiplier that determines the relative weight of the entropy contribution to the 
objective function. The second term quantifies the fit of the frequency domain reconstruction to the 
time-domain experimental data, 
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Eq. 5-2 
where mi is the reconstructed time domain data, computed from the inverse Fourier transform of f . 
Experimental data d has N elements di. The spectrum f  is considered to be consistent with d if, 
C(f,d) ≤ C0 where C0 is typically chosen in relation to the experimental error. Usually in the literature 
C0 is referred to as aim, and for the sake of clarity, we will also refer to aim instead of C0. For a 
complex phase-sensitive spectrum, the entropy can be defined as, 
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where def is a scale factor that can be interpreted as a default value which function f  would attain in 
the absence of experimental signals (i.e. the data only contains noise) [155]. It can be shown that the 
def value can be defined from a quantum-mechanical derivation [141], but it is more applicable for 
this application to treat def as a user adjustable parameter and note that its value influences the non-
linearity of the frequency domain reconstruction. In the case of HYSCORE, the absolute value of the 
frequency domain data is used and thus the conventional Shannon entropy can also be used, 
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Daniell and co-workers [156] compared the usage of both functions Eq. 5-3 and Eq. 5-4, and 
showed their similarity for positive real values. In this paper Eq. 5-3 is used. For completeness we 
note that for phase-sensitive NMR data the entropy representation should take the form of Eq. 5-3, 
which follows from both the classical and quantum mechanical approach, and is well explained in 
reference [156]. 
In general, there are two essentially equivalent options for the RNMRTK MaxEnt 
optimization algorithm: “constant λ” regime, with aim adjusted during the algorithm convergence 
[161], or “constant aim” regime, with λ adjusted during the algorithm convergence [141, 161]. In our 
work the “constant aim” optimization was used. Setting aim to a very small number of results in the 
reconstructed time-domain data m fits very accurately to the experimental data d, which in an extreme 
case results in the MaxEnt spectrum also being fitted to the noise. 
5.2.2 Computation of the data noise level – defining aim 
To set up a value for aim for the MaxEnt algorithm, the noise level of the spectrum needs to 
be chosen. In NMR, this can be conveniently calculated as a root mean square (RMS) deviation of 
the data at the end of an FID of the direct dimension where the signals have essentially decayed to 
zero and only noise remains. Since both dimensions in HYSCORE are indirect, this can be 
problematic as the time traces are invariably truncated in both dimensions. There are two simple 
approaches that can be used: a second short 1D experiment can be performed where only one 
HYSCORE trace is recorded for a time sufficient that the signals have decayed; or the noise level can 
be calculated in the frequency-domain in a signal-free area, and used to compute the noise level. 
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Computation of aim in the time-domain can then be easily determined in accordance with Parseval’s 
theorem, 
1 1
2 2
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n k
d n D k
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   Eq. 5-5 
where d[n] is a discrete time domain signal, and D[k] is the DFT of d[n] [162]. In this paper both 
methods were used and gave essentially the same value for aim in all cases. 
5.2.3 Experimental part 
HYSCORE spectra were recorded with the four pulse sequence shown in Figure 5-1. A 4-step 
phase cycle was used to remove unwanted echoes [1]. Three X-band HYSCORE datasets at 12.5 K 
were collected for analysis, all on a P450 enzyme at an observer position close to the g2 position in 
the middle of the frozen-solution CW EPR spectrum (B0 310 mT, microwave frequency 9.748 
GHz). All experiments had pulse lengths of t = 16 ns, t/2 = 16 ns, and both t1 and t2 time axes started 
at t0 = 32 ns. The individual dataset used the following parameters: 
Dataset-1: 125  125 points, time increments t=20 (Nyquist frequency 225 MHz, t1/t2 = 2480 ns). 
A total of 40 individual HYSCORE data matrices were recorded; each is referred to as 1 
accumulation. Dataset-1 exhibits a very low signal-to-noise ratio (SNR). 
Dataset-2: 400  400 points, time increments t = 18 (Nyquist frequency 227.78 MHz, 
t1/t2 = 7182 ns). A total of 40 individual HYSCORE data matrices were accumulated. Dataset-2 has 
a high resolution and a high SNR. 
Dataset 3: 200  200 points, time increments of t = 16 (Nyquist frequency 231.25 MHz, 
t1/t2 = 3184 ns). A total of 200 accumulations were recorded as 1 HYSCORE time-domain matrix. 
Dataset-3 has acceptable spectral resolution and a high SNR. 
 
 
Figure 5-1 – Hyperfine sublevel correlation (HYSCORE) pulse sequence; the time domain 
matrix is collected as Y(t1, t2) for a fixed τ. The experiment correlates nuclear frequencies in the 
different electron spin manifolds, yielding cross-peaks symmetric to the diagonals in the 
frequency domain spectrum, the positions of which are determined by the electron-nuclear 
couplings terms (e.g. nuclear Zeeman, hyperfine and nuclear quadrupole interactions) [1]. 
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MaxEnt reconstructed spectra were computed using the Rowland NMR toolkit version 4 
(http://rnmrtk.uchc.edu/rnmrtk/RNMRTK.html). The jittered exponential sampling algorithm 
incorporated in the program sched3d (version 5) [163] was used to generate the schedule for non-
uniform sampling (NUS). Maximum entropy (MaxEnt) reconstructions were performed in two-
dimensions by the program msa2d, which requires as input the parameters aim and def. During 
spectrum optimization  is treated as an adjustable parameter and convergence is reached when Q(d,f) 
is maximized and C(f,d) ≤ aim (Eq. 5-1 and Eq. 5-2). The computation requires the number of points 
and the maximum frequency of the MaxEnt spectrum to be defined, which was set equal to that of 
the US data for easy comparison to DFT spectra. Further details of how these parameters are set 
within the programs of the Rowland NMR toolkit are given in the supporting information. All MaxEnt 
spectra were apodized with a Gaussian window function (convolution in the frequency domain) using 
a time constant consistent with the resolution governed by the maximum length of the experimental 
time traces, unless otherwise stated (Figure 5-6 is an exception). 
5.3 Results and Discussion 
Our principal goal is to quantify and compare the sensitivity and resolution of HYSCORE 
spectra computed using US data with the DFT (US+DFT) with those of NUS data reconstructed with 
the MaxEnt algorithm (NUS+MaxEnt). This investigation will include an analysis of the linearity of 
the MaxEnt algorithm on the user input parameters def and aim. In this paper aim and def are given 
relative to the noise level of the experimental data. Our analysis utilizes three HYSCORE data 
matrices with different spectral properties, all collected on a low-spin cytochrome P450 enzyme 
sample. These are referred to as dataset-1, dataset-2 and dataset-3, and have different signal-to-noise 
ratio (SNR) and spectral resolutions (time trace lengths). 
5.3.1 Sensitivity and Resolution 
To quantify the sensitivity and resolution of a HYSCORE experiment computed from the 
US+DFT and the NUS+MaxEnt methods, data recorded with different numbers of accumulations 
(nacc) and hence a different SNR, are investigated. ‘Accumulation’ refers to the number of signal 
acquisitions (averages) required to record a time-domain HYSCORE data matrix, Y(t1,t2). Constant 
acquisition time and minimum acquisition time experiments are characterised in the following. 
Firstly, we quantify sensitivity and resolution of HYSCORE data recorded with a very low 
SNR and spectral resolution (dataset-1). This mimics the experimental conditions where sensitivity 
is a limiting factor as, for example, in a biological sample with low concentrations of paramagnetic 
centers. Dataset-1 has only sufficient signal to detect just one pair of cross-peaks with SNRs of 2.6 
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and 3.1 after summing nacc = 40 accumulations of US data and using the DFT (Figure 5-2A and Table 
5-1). In this paper the SNR of a peak is computed as, 
snr = I / (2.5noise-rms) Eq. 5-6 
where I is the mean of the signal intensity computed from the top 5% of a HYSCORE peak/ridge and 
noise-rms is the root-mean-square of a region of the spectrum where there is no signal. The 
denominator of (2.5noise-rms) in Eq. 5-6 is the approximate level at which peaks become 
discernible from noise. This level was carefully chosen by examination of HYSCORE contour plots. 
A snr ≤ 1 thus indicates that there is no peak detected. 
Figure 5-2B was computed using the same US+DFT method as in Figure 5-2A, but with 
HYSCORE data having only nacc = 4 accumulations and there are now no peaks definitively detected 
in the spectrum. The SNR of the two cross-peaks is estimated as snr = 1.0, 0.9 (Table 5-1). For this 
calculation, the peak intensities are estimated by scaling the corresponding peak intensity from the 
nacc = 40 accumulation data where they are well defined. To investigate sensitivity using the 
NUS+MaxEnt methodology, the total experiment time was kept constant to that used for the nacc = 4 
data and NUS data was constructed using fewer points but more averages per point. Two NUS levels 
were employed, [nus = 0.2, nacc = 20], and [nus = 0.1, nacc = 40], which give sufficient sensitivity to 
detect peaks of sME = 3.3, 3.2 and sME = 1.8, 3.0, respectively, where sME is calculated using Eq. 5-6. 
Figure 5-2C and Figure 5-2D demonstrate graphically that the method is sufficient to detect the peaks 
at a high confidence level. Note that for all MaxEnt spectra the SNR is denoted sME to emphasise that 
it is not the intrinsic SNR of the raw data. sME may exceed the intrinsic SNR of the raw data 
substantially, and furthermore it depends upon the user input parameters aim and def as discussed in 
detail below. At this point, we note that the ability to detect a peak (an sME > 1) is not critically 
dependent upon aim and def as long as they provide for an acceptable fit of the MaxEnt spectrum to 
the data. In this paper, sME can be interpreted as indicating the statistical significance of detecting a 
peak. 
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Figure 5-2 – HYSCORE spectra for dataset-1 computed with US+DFT and with NUS+MaxEnt for 
different numbers of accumulations (nacc). (A) DFT spectrum, nacc =  40, maximum SNR. Constant 
time experiments: (B) DFT spectrum, nacc = 4, (C) MaxEnt spectrum with nus = 0.2, nacc = 20, 
aim = 0.5, def = 0.01, and (D) MaxEnt spectrum with nus = 0.1, nacc = 40, aim = 0.5, def = 0.01. 
Insets in (C) and (D) show the density of points for the NUS scheme. The random exponential 
sampling used a time constant Ts = 1020 ns, t1/t2 = 2480 ns, and 125  125 points. 
 
Thus, increasing the SNR of points by increasing nacc = 4 to nacc = 20 (40) with a 
corresponding decrease in the number of points by 0.2 (0.1) increases the sensitivity to detect weak 
peaks with intensities close to the noise level. This result indicates a level of redundancy in the US 
HYSCORE data. Note that for the equivalent US data with nacc = 20 (40) the cross-peaks in the DFT 
spectrum have a snr =  2.0, 2.3 (2.6, 3.1), demonstrating that the intrinsic SNR is in principle 
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sufficient to detect the cross-peaks (Table 5-1). This analysis establishes that for a constant time 
experiment, best sensitivity is obtained with the NUS+MaxEnt method. The NUS scheme is critical 
and was carried out using an exponentially decaying data point density with sampled points 
distributed as [139] 
𝑁𝑐𝑟 = 𝑅𝑐𝑟
1/exp(−𝑡1,𝑐/𝑇𝑠)exp⁡(−𝑡2,𝑟/𝑇𝑠) Eq. 5-7 
where time constant Ts is the same in each dimension for HYSCORE data, and Rcr is a random number 
between 0 to 1. Ts is optimally adjusted in relation to the transverse relaxation times T*2n of the nuclear 
coherences (around 0.3×T*2n) [143]. The insets in Figure 5-2C and Figure 5-2D show the density of 
points for the NUS schemes. Key in determining the sensitivity of the MaxEnt spectrum is the 
sampling scheme employed. If a completely random sampling scheme is employed (Ncr = Rcr in Eq. 
5-7), then for constant time experiments the MaxEnt spectrum in terms of sensitivity is very similar 
to the one computed by the DFT using US data (data not shown) [164, 165]. With random exponential 
sampling [145], the best sensitivity is obtained by setting Ts relative to T*2n as discussed above. 
Lastly for dataset-1, the minimum experimental time required to detect the two prominent 
cross-peaks was determined for both the US+DFT and the NUS+MaxEnt methodologies. For 
US+DFT, nacc = 6 accumulations are required to definitively identify these cross-peaks with a 
snr = 1.5, 1.5 (Figure 1A in Appendix 5C). The corresponding accumulations to just resolve the two-
cross peak for the NUS+MaxEnt method were determined as: [nus = 0.2  nacc = 8, sME = 1.6, 1.7] 
and [nus = 0.1  nacc = 10, sME = 2.4, 3.0] (Figure 1B and Figure 1C in Appendix 5C). This indicates 
that the maximum time saving to record a spectrum to just detected weak peaks is ~25% (nus = 0.2) 
and ~20% (nus = 0.1). A summary of the sensitivity parameters for dataset-1 is given in Table 5-1. 
Because of the non-linearity of the MaxEnt reconstruction with weaker peaks attenuated 
relative to stronger ones, it is not straightforward to scale these results easily (in a linear manner) for 
HYSCORE data with an arbitrary accumulation nacc to estimate MaxEnt sensitivity. However, the 
analysis above establishes a guideline for sensitivity improvements when the signal-to-noise-ratio of 
the entire spectrum is close to the noise level – an important case where efforts to improve peak 
detection are key. 
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Table 5-1 – Sensitivity parameters for dataset-1 (t1/t2 = 2480 ns) using US+DFT and 
NUS+MaxEnt methods. Compared are HYSCORE data acquired with Constant Acquisition 
Time, and Minimum Acquisition Time to Detect Peaks. snr and sME values are for the two 
weakest cross-peaks. Next to NUS the sampling density time constant is given (Eq. 5-7). 
Parameters aim and def are given relative to the noise level. 
Methodology Points nacc Relative 
Total Time 
snr sME aim def 
US 125125 40 10 2.6, 3.1 - - - 
Constant Acquisition Time  
US 125125 4 1 0.9, 1.0 - - - 
NUS: 1.02 s 20% (3125) 20 1 2.0, 2.3 3.3, 3.2 0.5 0.005 
NUS: 1.02 s 10% (1562) 40 1 2.6, 3.1 1.8, 3.0 0.5 0.005 
Minimum Acquisition Time to Detect Peaks 
US 125125 6 1 1.4, 1.4 - - - 
NUS: 1.02 s 20% (3125) 8 0.26 1.6, 1.7 1.7, 1.6 0.5 0.005 
NUS: 1.02 s 10% (1562) 10 0.17 1.8, 2.1 2.4, 3.0 0.5 0.005 
 
The above analysis on dataset-1 was carried out on information poor data where only two 
HYSCORE cross-peaks were definitively detected. In contrast, dataset-2 contains a large number of 
detected peaks and ridges above the noise level which have a large signal intensity variations with a 
range of 50.2 (largest/smallest peak intensity). The DFT spectrum of dataset-2 determined from US 
data (400  400 points) measured with nacc = 40 accumulations and the maximum SNR, is shown in 
Figure 5-3A. Dataset-2 also has a high spectral resolution with the time trace length (t1,t2 = 7182 ns) 
being significantly longer than dataset-1 (t1,t2 = 2480 ns) and just long enough for peak widths in the 
HYSCORE spectrum to be governed by the intrinsic nuclear transverse relaxation times T*2N. This 
was ascertained by shortening the Gaussian apodization window time constant methodically and 
observing where peaks start to broaden. 
The same type of analysis as for dataset-1 was carried out on dataset-2, concentrating however 
on the sensitivity of the methodology to detect the weakest peaks in the presence of many significantly 
stronger ones. These weakest peaks are 1/50 of the maximum peak intensity of the HYSCORE 
spectrum and are due to (1H, 14N) and (14N, 14N) combination peaks and marked in Figure 5-3A as p1 
to p3. With the US+DFT method and nacc = 4, these weak peaks are not observed in the HYSCORE 
spectra (Figure 5-3B) and are well below the detection limit with predicted SNRs of snr = 0.8 to 1.1 
(see Table 5-2). As for dataset-1, these peaks are easily detected in NUS+MatEnt spectra of the same 
overall measurement time but recorded with (nus = 0.2, nacc = 20), and (nus = 0.1, nacc = 40) as shown 
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in Figure 5-3C/D. The intrinsic data snr and sME of the peaks p1 to p3 for these cases are listed in 
Table 5-2, along with the aim and def values. Lastly, the minimum number of accumulations required 
to just detect the weak combination peaks p1-p3 was determined for the US+DFT spectrum and the 
NUS+MaxEnt spectra at 20% and 10% of the points of the US data matrix; for US+DFT  nacc = 7 
accumulations; nus = 0.2  nacc = 9 accumulations per point; nus = 0.1  nacc = 13 accumulations 
per point. This represents a time saving of 0.25 and 0.19 for the nus = 0.2 and nus = 0.1, respectively. 
To match the experimental time of the best NUS+MaxEnt spectrum with NUS of 10% of 
points, the US HYSCORE data matrix could be reduced to 172  172 points. This then yields a 
spectrum with sensitivity comparable to the NUS+MaxEnt case, but with a very significant loss of 
spectral resolution with peaks significantly broadened (Figure 2 in Appendix 5C). Dataset-2 thus 
demonstrates that very high resolution HYSCORE spectra can be recorded in a significantly faster 
time than the equivalent high resolution US+DFT spectrum. 
The analysis above for dataset-1 and dataset-2 concentrated on sensitivity to detect peaks, and 
thus on defining the frequencies measured in a HYSCORE experiment. Typically, this is the most 
important information available and simulation of the HYSCORE frequencies enables the magnetic 
parameters to be extracted. Theoretically, the intensities contain information on the interaction 
matrices (determined by coupling and relative orientation for the g-matrix, hyperfine matrix, etc), and 
ideally should be matched by simulation to improve accuracy and solution uniqueness. However, 
approximations in the simulation generally make this information difficult to utilize (e.g. a simplified 
two or three spin system is simulated, relaxation is not included, square pulses are assumed) but 
nevertheless, the linearity of the transformation is investigated in the following. 
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Figure 5-3 – HYSCORE spectra for dataset-2 computed with US+DFT and with NUS+MaxEnt for 
different numbers of accumulations (nacc). (A) DFT spectrum, nacc = 40, maximum SNR. Constant 
time experiments: (B) DFT spectrum, nacc = 4, (C) MaxEnt Spectrum with nacc = 20, nus = 0.2, 
aim = 0.5, def = 0.01, and (D) MaxEnt spectrum with nacc = 40, nus = 0.1, aim = 0.5, def = 0.01. 
Insets in (C) and (D) show the density of points for the NUS scheme. The time constant for random 
exponential sampling Ts = 1800 ns, t1/t2 = 7182 ns, and 400  400 points. 
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Table 5-2 – Sensitivity parameters for dataset-2 (400  400 points) using US+DFT and 
NUS+MaxEnt methods. Compared are HYSCORE data acquired with Constant Acquisition 
Time and Minimum Acquisition Time to Detect Peaks. snr and sMaxEnt values are given for the 
six weakest cross-peaks p1 to p3. Next to NUS the sampling density time constant is given 
(Eq. 5-7). Parameters aim and def are given relative to the noise level. 
Methodology Points nacc Relative 
Total 
Time 
snr sME aim def 
US 400400 40 10 1.7/1.3, 2.3/2.2, 2.5/2.1 -   
Constant Acquisition Time    
US 400400 4 1 0.9/0.8, 1.0/0.9, 1.1/1.0 -   
NUS (1.8 s) 20%
a 20 1 1.3/1.1, 1.6/1.7, 1.9/1.7 3.9/2.6, 4.9/4.9, 
5.3/5.5 
0.5 0.01 
NUS (7.9 s) 20%
a 20 1 - 1.5/1.2, 1.6/1.8, 
1.9/1.7 
0.5 0.01 
NUS (1.8 s) 10%b 40 1 1.7/1.3, 2.3/2.2, 2.5/2.1 5.2/3.9, 6.9/7.2, 
7.5/8.0 
0.5 0.01 
NUS (7.9 s) 10%
b 40 1 - 1.5/1.6, 4.7/1.6, 
1.0/2.6 
0.5 0.01 
Minimum Acquisition Time   
US 400400 7 1 1/0.9, 1.1/1.1, 1.3/1.1 - - - 
NUS (1.8) 20%a 9 0.25 1/0.9, 1.2/1.2, 1.4/1.3 2.1/1.8, 3.2/3.2, 
3.6/3.9 
0.5 0.01 
NUS (1.8) 10%b  13 0.20 1.3/1.1, 1.6/1.7, 1.9/1.7 2.3 /1.5, 2.8/2.6, 
3.2/3.3 
0.5 0.01 
a) 20% of 400400 points is 32000 points 
b) 10% of 400400 points is 16000 points 
5.3.2 Linearity and Sensitivity of the Transformation on aim and def 
An ideal property of the transformation of the time domain data into the frequency domain is 
linearity of the transformation. Whilst this is guaranteed with the discrete Fourier transformation, the 
linearity of a Maximum Entropy reconstruction depends upon the choice of the algorithm parameters 
aim and def. To investigate the effect of aim and def on the linearity and sensitivity of the 
transformation, MaxEnt spectra were computed for a wide range of aim and def combinations: 
aim = 1, 0.5, 0.1, 0.01, 0.001 and def = 100, 10, 1, 0.1, 0.01, 0.001. For this analysis, dataset-2 with 
high resolution was utilized and the time domain data were augmented with synthetic Lorentzian 
peaks with known amplitudes A and frequency positions (1, 2), 
1 2 1 2 1 1 2 2( , ) exp( )cos(2 2 )L t t A Ct Ct t t       Eq. 5-8 
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The aim of the synthetic peaks was to determine if it is possible to quantify and potentially 
correct the non-linearity of a MaxEnt spectrum for a particular aim and def. In our protocol ten 
Lorentzian peaks were added to the time domain data with amplitudes evenly spaced from the most 
intense experimental peak to the data noise level and rate constant C was set to 1/C = 2 s-1 
(t1/t2 = 7182 ns). This type of synthetic peak method has previously been applied to NMR data in 
order to ascertain the degree of non-linearity on the MaxEnt transformation [141, 161]. 
The non-linearity was characterised by plotting DFT peak intensities against those obtained 
from MaxEnt, as shown in Figure 5-4A, for a representative case with aim = 0.5 and def = 0.01. The 
experimental data points indicated by the ‘o’ comprise 31 peaks and regions of ridges which were 
chosen to cover the signal intensity range of the data. Synthetic peaks are indicated by the ‘+’ and are 
joined by a dotted line as a guide for the eye. All intensities are determined as an average of the top 
5% of points (intensities) over the defined spectral region of the peak. The non-linearity observed in 
the synthetic peaks follows the general trend of the experimental peaks, with smaller amplitudes 
attenuated more relative to stronger ones in the MaxEnt spectrum, as expected. However, 
experimental peaks do not follow a simple monotonic trend that would allow the MaxEnt spectrum 
to be simply scaled with a calibration curve to accurately recover the signal intensity linearity. This 
is demonstrated in Figure 5-4B/C, which plots the data from which Figure 5-4A was constructed as 
a projection of the 2D spectrum onto the 1 axis. Three peaks are highlighted; ‘a’ which is relatively 
stronger in the MaxEnt as compared to the DFT spectrum, and ‘b’ and ‘c’ where the peak is strongest 
in the DFT spectrum. Evidently, the NUS scheme introduces error or uncertainty in the intensities 
which cannot be faithfully recovered. Given this property, the NUS+MaxEnt method is most useful 
in its ability to determine accurately the frequencies of the spectrum, but some information on the 
exact intensities is lost. The addition of synthetic peaks allows the degree of non-linearity to be 
estimated, but not accurately quantified. 
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Figure 5-4 – Comparison of DFT and MaxEnt intensities for aim = 0.5 and def = 0.01 for dataset-2. 
A) DFT vs MaxEnt peak intensities. ‘o’ are the 31 experimental peak intensities which span the 
range of signal intensities in the data. Synthetic Lorentzian peaks are shown as ‘+’ and are joined 
by a line as a guide to the eye. Both DFT and MaxEnt intensities are scaled so that the strongest 
peak has intensity 1. The data shows the general trend for MaxEnt transformations where weaker 
peaks are increasingly attenuated relative to stronger ones. (B) and (C) show the projection of the 
DFT and MaxEnt HYSCORE spectra onto the 1 axis, respectively, for the data used to 
construct (A). The peak marked ‘a’ is larger in the MaxEnt spectrum, whereas ‘b’ and ‘c’ are larger 
in the DFT spectrum. 
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Figure 5-5 – Sensitivity of the NUS+MaxEnt method for detection of the weakest HYSCORE 
peak in dataset-2 for a range of aim and def values. The black horizontal line shows the related 
intrinsic SNR of the corresponding US+DFT peak (nacc = 20) as the MaxEnt data (nus = 0.2, 
nacc = 20). 
 
In addition to investigating the non-linearity properties of the MaxEnt transformation it is 
instructive to investigate how sensitivity (to detect peaks) depends upon the choice of def and aim. 
For this purpose, a weak peak in the spectrum of dataset-2 was chosen and sME plotted for a wide 
range of aim and def parameters (Figure 5-5). The data show that sME is approximately constant when 
def > 1 for the range of aim values analyzed. With def < 1, sME increases rapidly with the best sME 
result having aim ~ 0.5 and the smallest def. The SNR of the corresponding US+DFT data with 
nacc = 20 is shown as the black horizontal line. The data demonstrate that for HYSCORE a good 
choice for aim is in the range 1 to 0.1. Decreasing def < 1 increases the sensitivity or significance to 
detect weak peaks, but at the cost of increases in the non-linearity of the obtained spectrum [161]. 
This feature can be particularly disadvantageous when ridges with a large intensity variation are 
present in the spectrum, as is typically the case for HYSCORE, as then the ridge itself can become 
quite distorted and potentially difficult to interpret. This is demonstrated in Figure 5-6 for an extreme 
range of def values. In this figure, the MaxEnt spectra were not apodized with a Gaussian window 
function to highlight the def dependence (Figure 3 in Appendix 5C shows the corresponding data, but 
with a window function applied with a time constant consistent with the resolution set by the time 
trace length). 
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Figure 5-6 – HYSCORE spectra highlighting the distortion of the ridges as def is decreased for 
dataset-2 in the region below 6 MHz. US+DFT spectrum (A) and NUS+MaxEnt spectra for 
aim = 0.5 with def = 0.5 (B), def = 0.01 (C), and def = 0.0001 (D). All spectra had the same 
measurements time: US+DFT  nacc = 4; NUS+MaxEnt  nus = 0.2, nacc = 20. No window 
function was used on the final MaxEnt spectra. 
 
5.3.3 An advantage of MaxEnt over the DFT for linearly sampled data 
For linearly sampled data, an advantage of the MaxEnt transformation over the DFT is that 
there is no truncation of the time-domain data required. The MaxEnt spectrum is optimized in the 
frequency domain and only inverse Fourier is transformed to the time-domain to compare the 
experimental data during optimization [166]. Thus, MaxEnt does not suffer from time-domain 
truncation artefacts, ‘sinc wiggles’ or ‘starred’ peaks. The starred ridges resulting from the truncated 
time domain traces can potentially overlap with weak real peaks and make the data analysis 
inconclusive. This is shown in Figure 5-7 for dataset-3 that has trace lengths t1/t2 = 3148 ns. The DFT 
spectrum shown in Figure 5-7A used a Gaussian window function with a time constant Tapz = 2000 
ns (see inset). The strongest cross-peaks at (7, 4) MHz and (4, 7) MHz exhibit starred ridges which 
overlap with a number of weak cross-peaks some of which are highlighted in the spectrum (see p3 to 
p5). These windowing artefacts are removed in the MaxEnt spectrum, as shown in Figure 5-7B 
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computed with aim = 0.1 and def = 0.01. Peak p3, for example, is detected at high significance with 
a sME = 3.9 and is now not overlapped. 
 
 
 
Figure 5-7 – HYSCORE spectra computed from dataset-3 all uniformly sampled. (A) US+DFT 
spectrum computed after application of a Gaussian window function with time constant 
Tapz = 2000 ns (see inset). (B) US+MaxEnt spectrum with aim = 0.1 and def = 0.01. Starring 
ridges from the strongest peak which distorts weak peaks in the DFT is absent in the MaxEnt 
spectrum (see, for example, p3 to p5). 
 
5.3.4 Discussion 
In this paper we compare and characterize how the methodologies of US+DFT and 
NUS+MaxEnt perform on a number of HYSCORE datasets with distinct properties. Firstly, the 
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sensitivity of the two methods was investigated on data where the signal intensity was at or below the 
limit to definitively detect just one pair of cross-peaks in the spectrum. This data (dataset-1) has very 
poor SNR and short t1/t2 time traces, measurement conditions that may be encountered, for example, 
on biological samples with low concentrations of paramagnetic centres. For HYSCORE experiments 
with a constant measurement time, it was shown that the NUS+MaxEnt method out performs 
US+DFT by about a factor of 5. Importantly, for a constant time experiment where US+DFT was 
unable to detect the cross-peaks, MaxEnt was sensitive enough to be able to detect these peaks. 
In contrast to dataset-1, dataset-2 had many detected HYSCORE peaks with a large range of 
signal intensities, with the weakest peaks (combination peaks) close to the detection limit. Dataset-2 
also had very long time traces such that the spectral resolution was close to the intrinsic linewidth set 
by spin system relaxation. Reductions in the NUS+MaxEnt measurement time as compared to the 
US+DFT measurement time by about a factor of 5, were again observed with an optimal choice of 
the sampling time Ts in the NUS scheme (Eq. 5-7), i.e. Ts  0.3× T*2n. This relationship is consistent 
with results from NMR studies [143]. The sampling scheme is key in determining the maximum 
sensitivity that can be obtained with the MaxEnt algorithm. If uniform weighting is employed in the 
NUS scheme (i.e. Ncr = Rcr), there is no sensitivity advantage in the NUS + MaxEnt method as 
compared to the US+DFT method for a constant time experiment (but there may be resolution 
enhancement).  
We characterized the non-linearity (Figure 5-4) and sensitivity (Figure 5-5) of MaxEnt spectra 
for a range of the user input parameters aim and def. Results show that aim and def should be at or 
below the noise level of the spectrum. A similar trend was observed in all HYSCORE data 
investigated, we thus suggest that a suitable general range has aim = 1 to 0.1, and def = 1 to 0.001. 
Significantly smaller def values result in very large attenuation of the weakest signal which in the 
extreme case of very low def yields severe distortion of HYSCORE ridge intensities. This is because 
the intensities vary across the ridge and the strong intensity dependent attenuation with low def makes 
the data difficult to interpret as ridges are broken into parts (Figure 5-6). Thus, the results indicate 
that satisfactory HYSCORE spectra with acceptable ridge shape using NUS+MaxEnt can in general 
be found by searching in the range aim = 0.5 and def = 1 to 0.01. 
Within the NMR literature there are three major regimes for choosing aim (or λ) and def: 
automated maximum entropy reconstruction (AUTO) [160], maximum entropy interpolation (MINT) 
[148], and shannon-weighted augmentation of reconstruction (SHARP) [167]. AUTO uses aim = C0 
and the scaling factor def is based on aim and the number of dataset points, 
( / )def aim M N aim    for HYSCORE as M = N (the number of rows and columns in a time-
domain matrix). MINT was introduced by Paramasivam and co-workers [148] where the main 
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strategy is to set aim lower than the noise level, and then def = aim. This can lead to overfitting of the 
solution for extremely low aim values. In SHARP [167] the approach is similar to AUTO, with 
aim = C0 but def = aim/103. We investigated these regions in our analysis. For HYSCORE 
applications, we suggest operating in the region aim = 1 to 0.1 and def = 0.1 to 0.001, the approximate 
space covered by AUTO and SHARP. The SHARP parameters result in high sensitivity but tend to 
distort the intensities of HYSCORE ridges because of the larger non-linearity, AUTO has a larger def 
and thus better linearity is obtained in the MaxEnt spectrum. 
Recently Zambrello and co-workers introduced an automated procedure to determine the 
optimum MaxEnt parameters (NUS scheme, aim and def values) for computation of spectra for 
solution state NMR data containing many peaks [168]. The method, in situ/receiver operating 
characteristic (IROC), is based on an in situ analysis of synthetic peaks introduced to an NMR 
spectrum. IROC uses two main metrics, recovery rate and false discovery rate, which are calculated 
as a function of the detection threshold, resulting in an IROC curve. The recovery rate is the fraction 
of synthetic peaks that are recovered, and the false discovery rate is the fraction of total peaks that 
are false positive (signal falsely identified as a peak). The detection threshold is set to a fraction of 
the estimated spectrum noise. In this paper, we considered sensitivity to detect peaks as a function of 
aim and def and the level of NUS, only introducing synthetic peaks to investigate non-linearity. For 
optimization of MaxEnt HYSCORE spectra, we suggest computations within the suggested aim and 
def ranges (aim = 1 to 0.1 and def = 0.1 to 0.001) and a careful examination of spectra with an 
emphasis on the identification of cross-peaks to ensure only real peaks are identified. Given the 
relatively small number of peaks in a HYSCORE spectrum and the appearance of these peaks in 
characteristic regions of the spectrum, an automated peak detection procedure like IROC will 
generally not be required for HYSCORE data. 
Because the HYSCORE spectrum has symmetry with respect to a pair of cross-peaks around 
the diagonals in both (+,+) (  (,)) and (,+) ( (+,)) quadrants, it is perhaps advantageous to use 
this property in the MaxEnt algorithm, i.e. symmetrize the time-domain data matrix, 
Ysymm = ½(Y+Y†) (where † indicates transpose), and then in the frequency domain, only intensities of 
½ of the spectrum in the (+,+) and (,+) quadrants would need to be optimized. However, we did not 
pursue this approach, as the appearance of a pair of cross-peaks enables confidence to assign them as 
real rather than noise. Removing this useful property would most likely result in many wrong 
assignments (false negatives in the MaxEnt spectrum). 
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5.4 Conclusion 
HYSCORE is a widely used high-resolution pulse EPR techniques, but has the disadvantage 
of long measurement times due to the point-by-point acquisition demanded by two indirect 
dimensions. In particular, long measurement times are required to obtain data with long time traces 
and thus high spectral resolution (increasing with N2 where N is the number of points in each 
dimension). The sensitivity of the NUS+MaxEnt method was characterized for HYSCORE data with 
a low SNR and short time traces, and for data recorded with a high SNR and spectral resolution (long 
time traces). In all cases, NUS+MaxEnt out performs the US+DFT method in terms of sensitivity and 
resolution, but with the disadvantage of losing linearity of the signal intensities in the transformation, 
the degree of which depends upon the user input parameters aim and def. The time saving and 
sensitivity enhancement critically depends on employing a weighted NUS scheme, and consequently 
for high-resolution spectra, the NUS+MaxEnt method is most impressive and beneficial. MaxEnt 
may also find application to transform uniformly sampled HYSCORE data to the frequency domain 
as unlike the DFT it does not transform truncated time domain data that may produce ‘starred’ peaks 
in the frequency domain. 
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Chapter 6. Application of EPR imaging and spectroscopy for 
theranostics 
6.1 Introduction 
EPR imaging (EPRI) and spectroscopy (EPRS) are promising techniques for obtaining 
physiological information about living tissue in vivo [169-175]. Unlike NMR and MRI, EPR targets 
molecules with unpaired electron spins such as free radicals. Free radicals, as reactive oxygen species 
(ROSs) and reactive nitrogen species (RNSs), are generated by living organisms naturally in response 
to different physiological conditions or when in a pathological state [176-178]. In vivo applications 
of EPR are not limited to studying only naturally occurring radicals. To expand the applications of 
the technique, stable organic spin labels like nitroxide radicals (NRs) [179] and trityl radicals [180-
183] are used. The spin labels can vary in stability, functionality and spectral properties and have 
been used for a variety of EPR applications both in vivo and in vitro. 
The functional specificity of the EPR technique makes it attractive for the purposes of 
theranostics. Theranostics is a field of research combining therapeutics and diagnostics, which has 
recently become important in cancer research [184, 185]. The main idea behind theranostics is to 
combine therapeutic and diagnostic properties into one agent that allows for simultaneous diagnosis 
of disease, drug delivery to the tumor and monitoring of physiological conditions of the pathologic 
tissue over time. EPRI and EPRS allows information on living tissue oxygenation [171, 174, 183, 
186, 187], redox status [175, 186] and pH mapping [172, 175, 183, 188] to be obtained. 
For EPR applications in vivo, developing a stable endogenous probe is of key importance. In 
this project we focused on the usage of polyethylene glycol (PEG)-based hyperbranched polymers 
(HBP) and pPEGMA-coated gold nanoparticles (AuNPs) as carriers of a paramagnetic functional 
group for their application in vitro and in vivo. Both carriers have a large surface area to accommodate 
a sufficient number of spin labels for a high degree of sensitivity and perform targeted delivery of the 
spin probe to the tissue of interest. Delivery is enhanced by incorporating a specific targeting ligand 
to increase the material uptake by a living organism. Additionally, being attached to a larger molecule 
can potentially prolong the lifetime of a spin label in vivo [189]. Another important advantage of the 
carriers is their facile synthesis and well characterized structures and biodistribution profiles [185, 
190-192]. The challenge was to modify the procedure to introduce the paramagnetic functional group 
successfully. To begin, we examined commercially available NR probes, TEMPO and MTSL spin 
labels. 
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The goal of this chapter is to provide basic groundwork for the use of EPRI and EPRS in 
theranostics and to provide recommendations for future development of the project.  
6.2 Theoretical background 
6.2.1 The EPR Imaging (EPRI) technique 
Differences between EPR spectroscopy (EPRS) and imaging (EPRI) 
EPRS provides information about the identity and quantity of free radicals in the whole object, 
while EPRI provides spatially resolved measurements of the EPR spectrum, called a spin density 
profile. In EPRI an additional set of magnetic field coils creates a linear gradient across the object. 
During a conventional field sweep in the presence of these gradients, different planes orthogonal to 
the gradient direction experience the resonance. By collecting a series of EPR spectra with the 
magnetic field gradient oriented in different directions an image of the object’s spin density (image) 
can be reconstructed by backprojection [173, 193]. 
EPRI is an important tool for studying the distribution of free radicals in many fields of science 
including living biological systems. However, the broad application of the EPRI technique to obtain 
high quality images of lossy biological samples has been limited by several instrumental 
considerations including gradient design, gradient accuracy, speed of acquisition and drifts in the 
magnitude of the static and gradient fields. These factors are not easily resolved and therefore research 
has focussed on improving spin probe design. These probes should be stable and have narrow EPR 
spectral lines for EPRI to maximise the resolution of images, or sensitivity to a parameter of interest 
in the case of EPRS (e.g. redox potential or partial oxygen pressure). 
The EPRI technique is based on similar principles to the MRI technique. However, in vivo EPR 
detection suffers from tissue penetration limits (e.g. at L-band it is a few cm) and from low 
concentrations of endogenous or exogenous spin probes. The MRI technique generally has a superior 
sensitivity due to the high concentration of protons from which a signal can be obtained. A 
comparison of key factors for EPRI and MRI is provided in Table 6-1. 
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Table 6-1 – Comparison of NMR imaging (NMRI) and EPR imaging (EPRI). 
 proton MRI EPR Imaging 
Spin probes Endogenous: tissue protons Endogenous: (<μM), short-
lived; 
Exogenous: below toxic level 
(<5 mm/kg) –  
nitroxides, trityl; 
Concentration >60M ~mM 
Stability Stable minutes - for nitroxides 
hours – for trityl 
Line width Hz-kHz 0.1 MHz 
Relaxation times 100-500 μsec 0.05-5 μsec 
Imaging modality Pulse CW/pulse 
Magnetic Field (at 300 
MHz) 
70000G (=7T) 100G (=10mT) 
 
In spite of these limitations, EPRI and EPRS have niche application areas such as measuring 
tissue metabolism/redox status and oxygenation. Successful use of EPRI for correlation of anatomical 
information with relevant physiological/metabolic parameters of tissue is largely dependent on 
choosing the right spin probe for a particular aim. 
 
Image resolution 
Image resolution is not defined consistently in EPR. In accordance with the definition given by 
G. Eaton and co-workers [170], two object points are resolved if the EPR signal intensity was 
decreased by 17% between the signal peaks from the two objects. 
The resolution depends on several aspects including spectral linewidth (sample), gradient 
magnitude and number of projections (experimental), number of pixels per image and reconstruction 
method (computational) [194]. 
In general, stronger gradients result in a higher image resolution and should be used. Gradients 
should be calibrated via measuring a standard sample with a known size [170]. 
The minimum volume that can be resolved is determined in part by the concentration of the 
spin probes in the material. The volume must contain sufficient paramagnetic centres to achieve a 
satisfactory signal-to-noise ratio. However, high concentrations of paramagnetic centres in the sample 
will lead to a higher contribution of spin-spin interactions which will lead to line broadening. This 
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can lead to local variations in the linewidth and lineshape which will complicate the image 
reconstruction process. In this case, the spectral-spatial mode of EPRI can be employed to calculate 
mean spin density via integration of the spectral component [170]. 
Signal linewidth is another factor that affects resolution. A broader linewidth requires a higher 
gradient to resolve two object-points. The experimental parameters that cause additional line 
broadening (like high modulation amplitude and excessive microwave power) should be adjusted 
carefully [170]. 
 
Spin probes for EPRI and EPRS techniques 
Unlike in MRI, the signal from paramagnetic centers occurring naturally in living biological 
systems are below the detection limits. To utilize EPRI and EPRS in biological systems, paramagnetic 
spin probes must be used. There are several criteria that an EPR spin probe should fulfill [195]: 
(1) be chemically stable and water soluble; 
(2) be non-toxic; 
(3) have a simple EPR spectrum at ambient temperature; 
(4) have a pharmacological half-life that permits an imaging time of at least 10 mins; 
(5) have spectral properties such as line width and/or intensity, which are modulated by tissue 
oxygenation status or redox status. 
Nitroxide radicals and trityl-based free radicals are spin probes that are suitable for EPRI and 
EPRS of small animals. Both probes possess minimal toxicity and they are well tolerated in small 
animals such as mice or rats. Their pharmacological half-lives are in the range of 10 to 20 minutes 
for nitroxides, but much longer for protected trityl-based free radicals and are thus convenient for 
conducting EPRS or EPRI experiments [195]. 
 
EPR-based applications of nitroxide spin probes 
Nitroxide spin probes have a wide application in EPR oximetry for measuring oxygen in vivo 
[196]. The nitroxide EPR spectral lineshape is broadened due to the Heisenberg spin exchange 
between the unpaired electron spin of the nitroxide radical and the nuclear spin of oxygen [179]. The 
advantages of nitroxide radicals include their well-developed chemistry and commercial availability. 
However, quantitative oximetric applications of the nitroxide radicals are burdened with the effect of 
concentration-induced line broadening that might interfere with oxygen-induced line broadening. 
Self-induced line broadening typically becomes an issue for concentrations of nitroxide above 100μM 
[179], and deuteration of nitroxides brings an enhancement to a certain extent [171, 197]. 
Nevertheless, other oxygen-sensitive spin probes, like trityl radicals [198] or lithium phthalocyanine 
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[199], that possess a narrow single EPR spectral line, are preferable for oximetric applications of the 
technique. 
Nitroxides can also be used as redox-sensitive paramagnetic probes (Figure 6-1). The rate of 
nitroxide radical reduction depends on the tissue redox state and can be used to differentiate between 
normal and pathological states of tissue [179, 183, 200]. 
 
 
Figure 6-1 – Illustration of the nitroxide/hydroxylamine redox couple [179]. 
 
Lastly, nitroxide probes are used for pH mapping in vivo. Protonation of the probes has an effect 
on the hyperfine coupling and g-factor values that can be observed via EPR [179]. A variety of 
nitroxide probes have been designed for pH mapping purposes to address the different range of pH 
sensitivity and to have a different stability toward bio-reduction [175, 201-204]. 
The available applications of nitroxide make it a promising spin probe for cancer theranostics 
and EPR is a useful supplementary technique that contributes to other molecular imaging modalities. 
In this study we design a multi-functional PEG-based hyperbranched polymer that acts as a carrier of 
imaging probes, gold nanoparticles (AuNPs), tumor-targeting ligands and drug molecules. 
6.2.2 Hyperbranched polymers for theranostics 
Polymers are large molecules made of smaller repeating subunits with tuneable size and shape 
that are ideal for distribution in the body. Molecular subunits called monomers are used to synthesise 
the polymers. One of the most popular mechanisms of polymerisation is free-radical polymerisation, 
including methods such as nitroxide mediated polymerisation (NMP), atom transfer radical 
polymerisation (ATRP), and reversible addition-fragmentation polymerisation (RAFT) [205]. 
Hyperbranched polymers (HBPs) contain many branches (polymer “arms”). This feature 
contributes to high end-group functionality and makes them promising imaging agents for the purpose 
of theranostics [206-208]. The hydrodynamic size of the HBPs is relatively large in comparison with 
linear polymers. For our study, the HBP typical mass is 30 – 50 kDa [209]. Besides high functionality, 
HBPs are easily synthesised and are a biocompatible material [184, 185, 209, 210]. Thus their 
applicability is not limited to imaging applications, but they can also function as drug carriers and 
diagnostic tools [190, 211, 212]. 
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The incorporation of MRI probes, ultrasound imaging probes, etc. in HBP chains has great 
potential [213]. However, HBP-based nanoparticles have not been extensively investigated as agents 
for EPRI and EPRS. Hayashi and co-workers [214] recorded X-band CW EPR spectra at RT of 
aqueous solutions of hyperbranched poly(4-bromomethylstyrene) carrying stable 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) radicals and observed the signal from approximately 20 
TEMPO radicals per HBP molecule. The obvious benefit of using HBP as an EPR probe is improved 
signal sensitivity due to the ability to put a significantly greater number of paramagnetic centres onto 
each polymer. In addition, HBPs are an attractive multi-functional imaging agent that can carry other 
functional groups, including fluorescent dyes, drug molecules and targeted ligands to ensure the 
delivery of a spin probe to a tissue of interest [184]. 
6.2.3 Gold nanoparticles for theranostics 
Gold nanoparticles (AuNPs) are promising carriers for drug or gene delivery, because of their 
high penetration ability that enables them to accumulate at cancer tumour sites. Due to their bio-
inertness and low toxicity, they possess good biocompatibility [215]. Moreover, the surface chemistry 
of AuNPs allows for easy functionalisation with a variety of target groups. This makes AuNPs a 
potential multi-functional imaging probe for theranostics [216-218]. 
AuNPs are widely investigated in the field of cancer research. Qian and co-workers [219] 
demonstrated in vivo tumour targeting and Surface-Enhanced Raman Signal (SERS) detection on the 
basis of PEG-protected gold nanoparticles (AuNPs). Priyanka and co-workers [220] developed 
barcoded HBP-mediated gold NP assemblies for use as biomedical diagnostic agents for Spatially 
Offset Raman Spectroscopy (SORS). They concluded that the assemblies perform well as diagnostic 
agents that can be detected with high signal-to-noise ratio from 7-8 mm of animal proteinaceous tissue 
underneath 1-2 mm of animal tissue with a high lipid content. 
In this study we aimed to design similar AuNP assemblies labelled with a paramagnetic spin 
probe and use the resulting species as redox status sensors via EPRS in vivo. This application shows 
potential to increase the sensitivity of EPRS measurement in vivo due to the large surface area of the 
AuNPs which can be functionalised with high concentrations of spin probes. However, since EPR 
spectral linewidth is expected to be broadened due to the contribution of electron-electron exchange 
interactions in the case of high concentrations, the utility of the probe for EPRI is still unknown. 
Chechik and co-workers [221] investigated the nature of the EPR signal of AuNPs with 
nitroxide spin probes attached. They observed a difference in the lineshape of the EPR spectrum of 
labelled AuNPs in toluene solution dependent upon the percentage of surface covered by the spin 
probes and the linker length between the NO and the AuNP surface. In accordance with the results, 
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EPR spectra of the AuNPs with low coverage (0.25 spin label per AuNP) show a modest increase in 
anisotropy (in comparison to a free probe) that is due to the mobility of the spin labels. This was 
shown to be dependent upon linker length from the AuNP surface, and the rotation rate of the AuNP. 
At the same time, the EPR spectra of the AuNPs with a high coverage rate show considerable 
lineshape broadening due to dipole and exchange interactions. 
6.3 Aims 
The first aim of this study is to understand the available sensitivity and resolution of the 
E540R36 L-band resonator for in vivo applications. This knowledge will contribute to understanding 
the signal-to-noise and image resolution that can be expected in the case of spin-labelled 
nanoparticles. 
The second aim is to design an imaging probe based on PEG-based HBP and pPEGMA-coated 
AuNP and investigate their suitability for in vivo study via EPR. Signal strength and EPR linewidth 
were two key parameters of interest. 
6.4 Methodology and Material 
Unless otherwise stated, all reagents and solvents were purchased from Sigma Aldrich and 
Thermo Scientific at the highest available purity and used as received. MTSL spin label for AuNPs 
study was purchased from Santa Cruz Technology, Inc. and was used as received. Prior to use, 
azobisisobutyronitrile (AIBN) was recrystallised from methanol and the PEGMA monomer was 
purified by filtering it through basic alumina. TEMPO monomer for labelling of PEG-based HBP 
was synthesised and kindly provided by Dr. James Blinco (QUT, Brisbane). Ethylphenyl 
thiocarbonylthio-2-cyanapentanoic acid RAFT agent used was synthesised by the members of 
A/Prof. Kristofer Thurecht’s group (CAI, UQ) [222]. 
6.4.1 Instrumental techniques 
UV-Vis spectroscopy 
For UV-Vis spectroscopy, a Varian Cary 3000 UV-Visible spectrophotometer was used, and samples 
were measured in polystyrene cuvettes. Spectra were obtained with wavelengths between 400-800 
nm. 
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NMR 
For performing NMR measurements, a Bruker Avance Ultrashield spectrometer operating at 400 
MHz for 1H with a BBFO probe, and Bruker TopSpin 2.1 software were used. 1H experiments were 
performed (number of scans = 64). Polymer samples were measured in CDCl3 or DMSO. 
 
GPC-MALLS 
For GPC of pPEGMA, a Waters Alliance 2690 Separations Module was used. A column heater, 2414 
differential refractive index detector, 717 autosampler and a 1515 isocratic pump were used. HPLC 
grade tetrahydrofuran (THF) was used as the mobile phase with a flow rate of 1 mL/min. The three 
columns were 7.8 x 300 mm Waters Styragel SEC columns connected in series, two linear Ultra 
Styragel and one Styragel HR3 column. A Wyatt Dawn 8+ Heleos-II at 658 nm laser wavelength was 
used for MALLS analysis, at 30°C. The dn/dc was determined from the refractive indices of a 
concentration series and was found to be 0.0564; this was used for the light scattering analysis. 
 
TEM 
For TEM, a JEM-1010 Transmission Electron Microscope was used. Sample preparation for as-
synthesized AuNPs included the drying of AuNP solutions on carbon coated TEM grids. Sample 
preparation for AuNP samples with polymer included applying the sample to a copper grid and 
negatively staining the grid with ammonium molybdate. A voltage of 100 kV was used for 
acquisition. Images were processed using Image J software. 
 
DLS 
For DLS, a Malvern Instruments Nanomac Zetasizer was used. Samples were measured in 
polystyrene cuvettes (number of scans = 3). Data was processed using Zetasizer software. 
 
EPR 
EPRI studies were performed on a Bruker Elexsys E540 spectrometer fitted with X, Y and Z- 
gradient coils, and equipped with X-band (~9.4GHz) and L-band (~1GHz) microwave bridges for 
recording the EPR spectra. The spectrometer can perform imaging experiments of two categories: 
pure spatial imaging or spectral-spatial imaging (SSI). Only pure spatial imaging mode was tested. 
The size of the cavity of an L-band resonator (diameter ~35 mm) is suitable for a small mouse. 
X-band resonators were used for imaging samples in solution and cells. 
For the X-band frequency range a super high-Q cavity was used while for L-band range 
measurements an E 540R36 L-band resonator was used. 
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The data acquisition parameters are specified in figure captions. 
6.4.2 HBP synthesis and labelling 
The PEG-based hyperbranched polymer was synthesised by RAFT polymerization from a 
dilute reaction solution of monomers in tetrahydrofuran. This method is known results in almost total 
conversion of monomer to polymer [190]. The purpose was to synthesise a polymer with a size 
suitable for biological applications. For this synthesis the ethylphenyl thiocarbonylthio-2-
cyanapentanoic acid RAFT agent was used. 
The mechanism for the synthesis of PEG-based hyperbranched polymer was optimized and 
well-described by A/Prof. Kris Thurecht’s Polymer Chemistry Group (CAI, UQ). We introduced an 
additional compound in the reaction – TEMPO moiety protected by the methoxyamine group [223] 
and optimised the established procedure to get the PEG-based hyperbranched polymer labelled with 
the spin probe functional group. The reaction mechanism is represented in Figure 6-2. 
 
A 
 
B 
 
Figure 6-2 – The overall schematic of the synthesis of PEG-based hyperbranched polymer 
labelled with TEMPO functional group, highlighting the EPR agent (TEMPO) in the final 
product (A) and chemical structure of PEG-based HBPs with TEMPO-group (B). 
 148 
 
6.4.3 Gold nanoparticles synthesis and stabilization with pPEGMA 
Disclaimer: Gold nanoparticles were synthesized and stabilized with pPEGMA by Lisa Timmers 
(A/Prof. Idriss Blakey group, AIBN, UQ) and used as received. 
The protocol used was adapted from Frens and co-workers [191]. Glassware used for AuNP 
synthesis was cleaned with a mixture of 1:3 molar ratio of nitric acid and hydrochloric acid (aqua 
regia), then rinsed with ultrapure water and dried at 60 C. In a round bottomed flask, 35 µL (50 
µmol) HAuCl4 from a 30 wt% stock in dilute HCl was heated in ultrapure water, with a final 
concentration of 0.5 mM. Once boiling, citrate from 0.1 M trisodium citrate stock was rapidly added, 
yielding the desired ratio of citrate:gold in a total volume of 100 mL. The mixture was refluxed for 
15 minutes and was then allowed to cool to RT and stored in a capped flask. The [citrate:AuNPs] 
molar ratios used were 1:2 (100 µmol citrate added), 1:2.5 (125 µmol citrate added) and 1:3 (150 
µmol citrate added). The nanoparticles were characterised by UV-Vis, TEM and DLS. 
PEGMA polymer was polymerised via RAFT (2-cyano-2-propyl benzodithioate), and 
initiated using AIBN (Figure 6-3). The protocol was adopted from the study by Blakey and co-
workers [192]. 
 
Figure 6-3 – Structure of poly(ethylene glycol) methyl ether methacrylate (pPEGMA) polymer, 
including dithiol functional group from the RAFT agent and repeat units with a PEG side chain. 
 
To stabilize the particles against NaCl-induced aggregation, various ratios of 
[AuNPs:pPEGMA] were studied for stability. Based on UV-Vis analysis, the sample with 40 µL 
polymer per mL AuNPs has the most distinct peak. This may suggest that those AuNPs were 
individual particles in solution, confirming successful stabilisation. Based on the approximate stock 
solution concentrations of 1.5 nM AuNPs and 14.7 µM pPEGMA, 40 µL pPEGMA per mL AuNPs 
would give 392 polymer chains per nanoparticle. Based on TEM study, the mean size of the AuNP 
cores was 18.3 nm (n = 13 particles, standard deviation (STD) = 2.4 nm). No aggregation was found 
in the imaging study. The result was confirmed with DLS. 
6.4.4 Sample preparation for EPR study 
AuNPs of ~2 nM were combined with pPEGMA and MTSL spin label (Santa Cruz 
Technology, Inc). To obtain a coverage of approximately 2000 MTSL molecules per nanoparticle, 10 
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µL 4 mM MTSL (in ethanol) were added to 10 mL 2nM AuNPs, along with 400 µL 1 mg/mL 
pPEGMA. From previous trials, it was hypothesized that the citrate presence in solution reduces free 
radical moiety and makes it EPR-silent. This effect of citrate was examined by comparing the EPR 
signal of three samples: (S1) MTSL and pPEGMA were added before EPR measurement to purified 
AuNPs only after dialysis; (S2) the mixture AuNPs-MTSL-pPEGMA was purified from citrates by 
dialysis, and then studied via EPR; (S3) the crude mixture AuNPs-pPEGMA (without purification) 
with MTSL spin label added before EPR measurement. As a control, 4μM MTSL in water was used. 
Dialysis was performed for 3 days at RT against 2 L ultrapure water, using snake-skin dialysis tubing 
with a MWCO of 3.5kDa (Thermo Scientific). A schematic representation of AuNPs stabilisation and 
labelling is provided in Figure 6-4. 
 
Figure 6-4 – Schematic overview of the stabilising gold nanoparticles with pPEGMA and 
labelling with either MTSL or N17 long-chain MTSL. The size ratio is not considered. 
 
Subsequently, the optimal number of MTSL molecules per particle was studied. A titration 
ranging from approximately 40 up to 2000 MTSL was performed, with EPR measurements of each 
ratio. For this purpose, 0.4 mM and 40 µM MTSL stocks were used, in order to limit the volume 
differences between samples. 
Next, EPR and UV-Vis analyses were repeated with a 40 µM stock of long-chain N17 MTSL 
in ethanol. The synthesis of N17 MTSL is described in the section below. Ratios of 20, 40 and 80 
N17 MTSL molecules per AuNP were used to examine the optimum coverage for binding. 
6.4.5 Synthesis of a long-chain N17 MTSL spin label 
Disclaimer: Long-chain (N17 MTSL) was synthesized by Steffen Ott (A/Prof. Jeffrey Harmer group, 
CAI, UQ). The information in this section is adopted from his report. 
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The synthesis procedure reported by Chechick and co-workers [221] was followed. 16-
mercaptohexadodecanoic acid 1 (Figure 6-5) was suspended in water, containing hydrogen peroxide 
and sodium hydroxide and stirred for three (3) days. The solid compound 2 was filtered and washed 
with diluted hydrochloric acid to remove remnants of hydrogen peroxide and then dried in vacuum. 
The product had poor solubility in suitable solvents (tetrahydrofurane (THF), 
dimethylsulfoxide (DMSO) and diethylether were tested), which made characterisation challenging. 
With such low solubility NMR analysis was not practical. After sonicating, the homogeneity of the 
product was improved which then made it possible to perform mass spectroscopy. ESI-MS was 
acquired in negative mode only.  
 
 
Figure 6-5 – Synthesis of an N17 MTSL (3). The coupling should be performed by using the 
activation agents N,N'-dicyclohexylcarbodiimide (DCC) and N-hydroxysucchinimide (NHS). 
A mixture of DCM and THF was used as solvent to solve the reagents and the disulphide. 
 
The coupling was performed by using the activation agents N,N'-dicyclohexylcarbodiimide 
(DCC) and N-hydroxysucchinimide (NHS). A mixture of DCM and THF was used as solvent to solve 
the reagents and the disulphide. 4-amino-TEMPO (Sigma Aldrich) was added ten minutes after 
addition of DCC/ NHS. 
After two (2) days of stirring at RT, the precipitated product was filtered and the solvent 
evaporated. The crude peptide was purified via column chromatography (SiO2, MeOH:DCM=1:20). 
 151 
 
X-band CW EPR spectra of the final compound were measured in DCM/Methanol (1:1) at 
RT (Figure 6-6). 
 
Figure 6-6 – X-band CW EPR spectra of an N17 MTSL in DCM/Methanol (1:1) at RT. The 
EPR lineshape is broad which is caused by longer correlation rotational time of the label. 
Data acquisition parameters: T=300K, microwave frequency 9.27 GHz, number of scans = 10, 
modulation frequency 100 kHz, modulation amplitude 1 G, time constant 1.28 ms, sweep time 
60 s, power attenuation 25dB. 
6.5 Results 
6.5.1 EPRI sensitivity and linewidth requirements 
6.5.1.1 Sensitivity of L-band E540R36 resonator 
To estimate approximately how many TEMPO paramagnetic centers in the active region of 
the resonator could be detected with a certain signal-to-noise ratio (SNR), a range of concentrations 
of TEMPO (Sigma Aldrich) radical in DMSO were studied (Table 6-2). From trial and error 
measurements, it was found that a minimum SNR of 8 was the practical limit necessary for imaging 
purposes. 
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Table 6-2 – EPR study of a TEMPO radical in DMSO. 
[C] TEMPO 
in DMSO 
Number of 
molecules 
(paramagnetic 
centres) in the 
active region, 
×1016 
Vactive, 
ml 
No of scans SNR SNR normalized 
to 1 scan 
5.7 M 48501.8 0.1413 1 45.3 45.3 
570 mM 4850.18 0.1413 10 27.8 8.8 
57 mM 485.018 0.1413 100 18.1 1.8 
5.7 mM 48.5018 0.1413 69 8.2 0.9 
3.3 mM 28.08 0.1413 10 3.4 1.1 
2 mM 17.0182 0.1413 10 1.9 0.6 
1 mM 8.50909 0.1413 10 1.2 0.4 
570 uM 4.85018 0.1413 78 1.6 0.2 
Solid TEMPO 
(in crystals)r 
3969.7 0.1413 96 22.5 2.3 
 
As can be seen, to get the SNR around 8 and above, the approximate number of TEMPO 
paramagnetic centers needed in an active volume of the L-band E540R36 resonator is 1020. This 
number is an approximate estimation that can be used to assess the suitability of the particular 
nanoparticle of interest, PEG-based hyperbranched polymers or gold nanoparticles, for EPRI study 
and to optimize the synthesis of the particles to meet this need. 
6.5.1.2 EPR lineshape 
As was discussed earlier, EPRI probes or EPRS sensors should satisfy several conditions. For 
EPRI’s application in vivo, the probe should possess both a simple EPR spectrum to simplify 
reconstruction and data interpretation and a narrow linewidth to get maximum spatial resolution and 
to provide high sensitivity. For EPRS in vivo applications, when probes serve as sensors, the same 
requirements are applied. However, the EPR spectrum of the sensor should not necessarily consist of 
one line. Narrow linewidth is desirable, for example, for EPR oximetry applications, as was discussed 
earlier, because self-induced line broadening might interfere with oxygen-induced line broadening, 
which makes interpretation of the results difficult. On the other hand, application as a redox sensor 
does not depend on a spectral linewidth. 
In the previous section we examined a range of TEMPO concentrations in DMSO to define 
sensitivity of the L-band resonator. The EPR spectra of three samples are shown in Figure 6-7. As 
can be seen, the spectrum of [TEMPO]=5.7mM consists of three lines (due to hyperfine interaction 
with 14N nucleus) with a linewidth of 1.5G (comparing to 0.3G [180] for TAM radical). When the 
concentration is increased ([TEMPO] = 570mM), only one broad EPR line appears with approximate 
width of 10G. The effect is caused by a Heisenberg exchange interaction between the electron spins. 
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Interacting unpaired electrons are described by their individual spins S and Heisenberg exchange 
coupling tensors J and dipole-dipole coupling tensors D (which is measured with DEER). The 
Heisenberg exchange coupling term ( exchH 
1 2
S JS ) becomes relevant whenever the orbitals of the 
two spins overlap significantly, and consequently the unpaired electrons of the two species can be 
exchanged. In solutions, an exchange can occur in bi-radicals, or during collisions of paramagnetic 
species when the orbitals overlap strongly for a short time [1]. For a nanoparticle loaded with a 
significant amount of spin labels, this leads to significant line broadening, and even the collapse of 
the triplet to a singlet (Figure 6-7). Thus, nanoparticles loaded with nitroxide spin labels would be 
more suitable as bio-sensors, rather than probes for imaging study. 
 
Figure 6-7 – CW EPR spectra of different concentrations of TEMPO radical in DMSO at RT 
obtained on Bruker E540 (E 540R36 L-band resonator). 
Data acquisition parameters: T = 300 K, microwave frequency 1.02 GHz, number of scans = 1, 
modulation frequency 30 kHz, modulation amplitude 0.8 G, sweep time 5.24 s, time constant 
1.28 ms, power attenuation 10dB 
6.5.1.3 Initial imaging study to define image resolution 
A simple phantom of two (2) capillary tubes (external diameter ≈ 1.5 mm) was designed for 
the study and filled with a solution of TEMPO radical in DMSO ([C]=57mM, linewidth = 3.5G). The 
capillaries were spaced 10 mm, 5 mm and 2 mm apart from each other and scanned using the 
maximum available gradient G=35 G/cm (Figure 6-8). 
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A 
 
B 
 
C 
 
D 
 
Figure 6-8 – Two-dimensional (2D) image of two capillaries filled with TEMPO in DMSO 
[C]=57mM (D) and distant from each other on (A) 10 mm, (B) 5 mm, (C) 2 mm. 
Data acquisition parameters: T=300K, image orientation: ZY, G=35 G/cm, number of 
scans = 20, microwave frequency: 1.02 GHz, modulation frequency 30 kHz, modulation 
amplitude 4 G, sweep time 5.24 s, time constant: 1.28 ms. 
 
The preliminary data yields an estimate of the resolution limit of between 2mm and 5 mm. 
The experimental spatial resolution was lower than that predicted by theoretical calculations. If two 
object-points with δB spectral linewidths are b cm distant from each other, then the image of these 
objects may be resolved only if G*b≥ δB where δB is the half-amplitude linewidth [170]. Having 
δB=3.5G and G=35G/cm the theoretically achievable resolution limit should be 1mm. These results 
suggest that the resolution can be improved by optimizing the reconstruction algorithm, which can be 
one of the future directions of the study. 
6.5.2 PEG-based hyperbranched polymer 
1H NMR and SEC-MALLS analysis (Mw = 113800 g/mol) confirmed that the resultant 
hyperbranched polymer is comprised of multiple “arms”, terminated by the RAFT end-groups with 
RAFT : PEGMA : TEMPO = 1 : 22 : 20, meaning that for this polymer each arm holds 20 TEMPO 
functional groups. 
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Since the TEMPO monomer used for the synthesis was protected with a methoxyamine group 
and not paramagnetic, it had to be oxidized to make the molecule available for EPR investigation. 
For this purpose, 3-Chloroperbenzoic acid (mCPBA) was used as an oxidation agent [223]. 
EPR measurements were performed at RT for a free TEMPO monomer in solution oxidized 
with mCPBA and PEG-based HPB with TEMPO functional group oxidized with mCPBA. The EPR 
lineshape of the PEG-based HBP-TEMPO sample has a distinctive broadening which confirms that 
the TEMPO paramagnetic group is a part of a big polymer molecule (Figure 6-9). 
 
A 
 
B 
 
Figure 6-9 – X-band CW EPR spectra of (A) TEMPO monomer protected with methoxyamine 
group after being exposed to mCPBA in dichloromethane and of (B) (PEG)-based hyperbranched 
polymer with TEMPO-functional group after being exposed to mCPBA. 
Data acquisition parameters: T=300 K, microwave frequency 9.76 GHz, number of scans = 7, 
modulation frequency 100 kHz, modulation amplitude 1 G, sweep time 41.94 s, time constant 
5.12 ms, attenuation power 15dB. 
 
6.5.3 Gold nanoparticles study 
To assess the effect caused by the presence of citrate and stabilizing polymer pPEGMA with 
regard to labelling efficiency, we analyzed three sets of samples (S1, S2, S3) named in Section 6.4.4. 
The results in Figure 6-10 show that all samples have a detectable signal of MTSL spin label. S2 has 
the lowest intensity, meaning that the citrate might be a cause of MTSL reduction or a significant 
number of spin labels were lost after dialysis, but it did not affect all the labels. 
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A 
 
B 
 
Figure 6-10 – X-band CW EPR spectra of MTSL-labelled pPEGMA-coated AuNPs in H2O 
and control sample of MTSL in H2O. (A) S1 (in red): gold nanoparticles were purified from 
citrate via dialysis, and then pPEGMA polymer and MTSL spin label were added before EPR 
measurements; S2 (in blue): gold nanoparticles were mixed with pPEGMA and MTSL spin 
label, and then purified from citrates via dialysis; S3 (in green): the crude mixture of gold 
nanoparticles and pPEGMA and MTSL spin label added before EPR measurements. The molar 
concentration of MTSL for each sample was calculated by comparing the signal intensity with 
the standard sample of MTSL in water ([MTSL]standard=4 uM). (B) Demonstration of the fact 
that the EPR lineshape of S1 resembles the EPR lineshape of a free MTSL spin label in water. 
The intensities were scaled to 1 to estimate the lineshape. 
Data acquisition parameters: T=300 K, microwave frequency 9.81 GHz, number of scans = 5, 
modulation frequency 100 kHz, modulation amplitude 2 G, sweep time 60.0 s, time constant 
1.28 ms, attenuation power 20dB. 
 
Figure 6-10 (B) shows that the lineshape of the S1 resembles the lineshape of free MTSL spin 
label in solution. Line broadening was expected with successful labeling of Au NPs with MTSL, 
because the tumbling motion of the label would become restricted [221]. This suggests that AuNPs 
were not successfully labelled with MTSL, and that only a free MTSL spin label was observed in 
solution. A possible explanation for this is an excess of MTSL spin labels per nanoparticle, which 
was 2000 spin labels per particle. The vast majority of the labels might be in solution rather than 
attached to the gold surface. Thus, we studied different ratios as well. However, as shown in Figure 
6-11, two ratios with an order-of-magnitude difference did not give different results, but showed the 
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same narrow line as free MTSL in solution. Reducing the ratio of MTSL further was not feasible due 
to an insufficient signal intensity for use as an imaging probe or sensor. 
Interestingly,  after all three samples and the control sample (4μM MTSL in water) were stored 
at RT for 10 days and then re-measured with the addition of meta-Chloroperoxybenzoic acid 
(mCPBA) to oxidize all the MTSL that potentially had been reduced over the storage period, the 
signal for S1, S2 and S3 was not restored, while the control sample was rejuvenated. The explanation 
for this observation is not clear. 
A 
 
B 
 
Figure 6-11 – X-band CW EPR spectra of gold nanoparticles labelled with MTSL spin label 
with different coverage: 1800/200 MTSL spin labels per gold nanoparticle as indicated. The 
narrow EPR lineshape resembles the EPR lineshape of free MTSL in water, meaning that MTSL 
spin labels do not bind to the surface of gold nanoparticles. (A) EPR signal of different 
intensities for the samples with 1800 MTSL per nanoparticle and 200 MTSL per nanoparticle. 
(B) Same as in part (A), but scaled to 1 to demonstrate that the EPR lineshape did not change 
and resembles the EPR lineshape of a free MTSL label in solution. 
Data acquisition parameters: T=300 K, microwave frequency 9.81 GHz, number of scans = 5, 
modulation frequency 100 kHz, modulation amplitude 2 G, sweep time 60.0 s, time constant 
1.28 ms, attenuation power 20dB. 
 
As a control, we performed a UV-Vis study of the samples with different numbers of MTSL 
per AuNPs and compared these with the UV-Vis spectra of unlabeled AuNPs-pPEGMA as well as 
with UV-Vis spectra of free MTSL in water (control sample). Figure 6-12 illustrates the result of the 
UV-Vis study for those four samples: (1) crude mixture of gold nanoparticles with stabilizing polymer 
Au-pPEGMA, (2)-(3) labelled gold nanoparticles Au-pPEGMA-MTSL ((2) 1800 MTSL per particle 
and (3) 40 MTSL per particle), and (4) free MTSL in water. The wavelength of the absorbance 
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maxima of the Au-pPEGMA-MTSL samples does not deviate significantly from the crude mixture 
Au-pPEGMA. The small shift in the absorbance maxima occurred in the case of the sample with 40 
MTSL per particle, which might be an indication of its binding to the particle surface. The EPR 
spectrum of this sample had a very low SNR. The EPR study should be repeated with a higher 
concentration of MTSL-labelled Au-pPEGMA. The pH levels of all the samples used in the UV-Vis 
study were checked using pH test strips and found to be approximately 8. In accordance with previous 
experience (from communications with Prof. Lawrence Berliner, University of Denver, USA), the 
pH level for labelling purposes should be around 8. Overall, in comparison with the literature [224], 
the results are inconclusive about the attachment of MTSL to AuNP surface. 
 
Figure 6-12 – UV-Vis spectra of the pPEGMA-coated AuNPs labelled with MTSL spin label 
show that the absorbance maxima has slightly shifted for the sample with 40 MTSL per AuNP 
(the inlet shows a zoomed in range of 510 nm – 540 nm). 
 
We aimed to improve attachment rate via an exchange reaction between an alkanethiol and 
MTSL spin label. For this purpose, pPEGMA-coated Au NPs were incubated with mercaptopropionic 
acid for 3 days, and then MTSL label was added before EPR measurement. The resulting EPR 
spectrum again showed a narrow lineshape, suggesting that the label attachment was not improved 
(data not shown). 
As a next step, we aimed to replace the previously used MTSL spin label with a long-chain 
MTSL (N17 MTSL) to study whether the disulphide of the N17 MTSL would result in a higher AuNP 
surface and could ensure at better attachment rate. The EPR lineshape of a free N17 MTSL in solution 
(Figure 6-6) is broader than that of free MTSL, because the long alkyl chain restricts the freedom of 
 159 
 
motion that leads to a longer rotational correlation time. UV-Vis spectra were also recorded for four 
different variations: (1) AuNPs with an addition of 3-mercaptopropionic acid, (2) AuNPs with an 
addition of 3-mercaptopropionic acid and MTSL spin label, (3) AuNPs with 3-mercaptopropionic 
acid and N17 MTSL, and lastly (4) AuNPs with N17 MTSL. 3-mercaptopropionic acid was added to 
mimic the exchange reaction, as was shown by Chechik and co-workers [221]. The results showed 
no changes in absorbance intensity, which is a sign of unsuccessful attachment of the spin label (data 
not shown). 
6.6 Discussion and recommendations for future directions 
EPRS and EPRI are useful techniques to obtain physiological and biochemical information 
from living tissue [169, 170, 174, 225-230]. In EPRI, spatial information on the localization of 
paramagnetic centers is obtained via the application of magnetic field gradients [170] in a similar 
fashion to MRI. However, there are several challenges that must be addressed when using EPRI that 
affects sensitivity and resulting resolution: 
1. EPR spectral linewidth is three orders of magnitude larger than MRI linewidth, this means 
that stronger field gradients are required. 
2. The concentration of paramagnetic centers is usually on a μM level as compared with ~100M 
and higher concentration of water protons in MRI. 
3. Lower frequencies are preferable for clinical applications because that ensures a sufficient 
penetration depth (~0.5 cm for L-band (~1GHz) and ~8cm for 100MHz [231]) despite the 
lower resulting SNR [232]. 
4. Electron spin-spin interactions can cause additional spectral line broadening, which means 
that higher concentrations of the spin probe might improve sensitivity, but decrease achievable 
resolution. Additionally, self-induced broadening can interfere with the broadening induced 
by other interactions of interest, for example oxygen in the case of EPR oximetry. 
The issues above can be minimised via three angles: developing a suitable spin probe, optimising 
experimental parameters and reducing artefacts during image reconstruction. Developing a suitable 
imaging probe is key. Probe design and choice of paramagnetic ligand should be made to suit the 
final application. We aimed to use PEG-based HBPs and AuNPs as spin probe carriers for in vivo and 
in vitro applications for theranostics. The size of both carriers allows the placement of a significant 
number of spin probes to address the sensitivity issue, while keeping the probes distant from each 
other to avoid an additional line broadening due to spin-spin interactions. Additionally, the attachment 
to a large molecule could potentially prolong the lifetime of the spin label in vivo due to the steric 
protection provided, and allow more time for data collection. 
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The results showed that the nitroxide radical (TEMPO) would be more suitable for 
applications as a sensor for redox status, when a broad linewidth is not a significant obstacle. We 
estimated that the approximate number of spins in the active range of the E540R36 L-band resonator 
needed to get an approximate SNR of 8 is ~1020 paramagnetic centers. Considering the achieved 
design of the HBP with ~20 TEMPO groups per arm, we will need approximately 400 mg of HBP 
per injection (100μl). On average 2 mg of HBP is usually synthesized with the same procedure as 
used in similar research by Pearce and co-workers [184]. 
In EPRI, trityl probes with a narrower linewidth (OXO31: 0.18G, OXO63: 0.22G [231]) and 
longer lifetime would be a better choice. Trityl probes are used extensively as oxygen- or pH-sensitive 
probes and different modifications of this probe are discussed in the literature for in vivo applications 
[180, 181, 183, 198, 233-235]. However, the trityl spin probes are not available commercially and 
have to be synthesised specifically for the project. 
While synthesis of a PEG-based HBP with attached TEMPO functional group was successful, 
we could not attach thiol-specific MTSL spin labels to the surface of AuNPs coated with pPEGMA. 
The presence of citrates in solution contributes to a signal reduction and the order of addition of the 
components plays a role in binding success. We did not attempt to label AuNPs without pPEGMA-
coat with MTSL; this is an aim to examine in the future. Hypothetically, in the case that MTSL cannot 
dislodge pPEGMA, no binding can occur. 
Long-chain MTSL spin labels were successfully loaded on the surface of AuNPs by Chechik 
and co-workers [221]. They also demonstrated how percentage coverage with MTSL spin labels 
affects the linewidth of the EPR spectra. In accordance with their study, more than 5 NO• per AuNP 
broadens the EPR spectral line, which makes it unsuitable for imaging purposes. 
Overall, the results provided a platform to build on for the future development of paramagnetic 
imaging agents for EPRI and EPRS applications in theranostics. The synthesis of a suitable spin label 
and optimization of experimental parameters for the particular probe and its application (either for 
imaging or as a sensor) is key. However, improving image resolution at the stage of image 
reconstruction could be of interest as well. For our data we used conventional filtered-backprojection 
(FBP) [236]. For a 2D image, a vector gradient of an appropriate magnitude (35 G/cm is the maximum 
available on our instument) was applied radially at n=25 equal intervals in step of θ = π/n from 0 to 
(π – θ) and n projections are acquired. Improvements to FBP proposed by Ahmad et al [237] and the 
application of alternative techniques like Maximum Entropy [238] and Tikhonov regularization [239] 
are discussed in the literature. 
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The application of EPRI and EPRS is not as well-developed as that of NMR and MRI 
applications, possibly because of its limitations for clinical use. However, EPR has a promising niche 
in biomedicine and can provide useful supplementary information regarding living tissue. 
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Appendix 1C 
Mathematical background on a computational method applied to 
create DEER structure-model 
1.1.  Introduction 
The focus of this section will be to provide a theoretical background behind the computational 
approach applied in Chapter 2 and Chapter 4 to “filter” protein structures obtained via MD simulation 
(in Chapter 2) or rigid-body docking (in Chapter 4) using DEER constraints – DEER model. 
The problem was approached as a linear least-squares problem (Eq. 1C-1) and the method is 
based on a certain decomposition of m n  matrix A discussed herein. 
, m nA y A     Eq. 1C-1 
The experimental DEER distributions were modelled using a set of n structures generated 
from MD simulations using a home-built Matlab script. Each of these MD simulated conformations 
was spin labelled in silico by attaching the spin label MTSL and computing rotamers for a particular 
residue (in accordance with the Cys-mutated and spin-labelled residues of the measured protein 
samples). For example, for AdcA Zn2+-binding protein (discussed in Chapter 2) it was T60C, T69C, 
A73C, T98C, A233C, A259C and A333C. The MTSSL rotamers were computed using the molecular 
modelling software MMM [98] using temperature ambient and the rotamer library R1A. Distance 
distributions were then computed for all k pairs of residues corresponding to the k protein mutants 
that were measured with DEER. For AdcA Zn2+ the eight pairs of labels with DEER measurements 
were simulated: (1) T60C/T98C, (2) T60C/A233C, (3) T69C/A333C, (4) A73C/A259C, (5) 
T98C/A233C, (6) T98C/A259C, (7) T98C/A333C, (8) A233C/A333C. Each computed distance 
distribution P(r) was represented as a one column array of length l (see in more details in Chapter 2 
and Chapter 4). 
Each rotamer distance distribution P(r) was normalised to unit area. The k distance 
distributions for each MD conformation were then arranged into a long column of a length m (m=k
l) and the set of conformations into a matrix A (mn). 
The experimental distance distributions were normalised to unit area and were arranged into 
a long column y of a length n. 
A column vector ω (1n) contains the contributions of each simulated protein conformation 
to the modelled experimental distance distribution. The coefficients ωi will be determined by 
minimization of the objective function q (Eq. 1C-2) which is the subject to the constraint ωi 0, 
assuming that structures cannot contribute negatively. 
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 
2
q y A     Eq. 1C-2 
This nonnegative linear least-squares problem was solved with using the algorithm described 
in [77] and implemented in the Matlab function lsqnoneg.m. The algorithm is explained step-by-step 
in section 1.3 below. As many other regularization functions, it is based on a certain matrix 
decomposition called Singular Valued Decomposition (SVD) that allows to represent the matrix A in 
the form of A= tUSV , where U and V are orthonormal matrices, that preserve the Euclidean length 
under multiplication and allow to operate with Euclidian norms when solving the minimization 
problem: 
2
min y A   . 
1.2. Singular Value Decomposition 
Singular Value Decomposition (SVD) [240] is a generalization of eigenvalue decomposition. 
It was developed and explained by Eugenio Beltrami and Camille Jordan in 1873 and 1874 
respectively. In 1970 the algorithm for SVD calculations was designed and published by Golub and 
Reinsch [241]. 
Considering a general linear mapping A: ℋ n → ℋ m such as ,
m×nA y A   , ω ϵ ℋ n, 
y ϵ ℋ m, the matrix A can be decomposed to the product of three matrices: 
tA USV  Eq. 1C-3 
U is a unitary m× m matrix, S is an m× n diagonal matrix whose only non-zero elements σi+1 ≥ σi ≥ 0 
– called singular values and 1i i   where λi – eigenvalues of matrix A: λ1 ≥ λ2 ≥ λ3 ≥  … ≥ λn; V is 
a unitary n× n matrix; V t is a transposed matrix V. 
Columns of matrix U and matrix V are called left (ui) and right (vi) singular vectors. 
Thus, the linear mapping A y   can be written as following: 
( )tA US V    Eq. 1C-4 
or 
min( , )
1
( )
m n
t
i i i
i
A v u  

    Eq. 1C-5 
From Eq. 1C-5 one can see that the high-frequency components of ω are more supressed in A   
than the low-frequency components. Oppositely, the solution of the inverse problem by the 
minimization of the residual norm: 
2
min A y   amplifies the high-frequency components of y. 
The solution of the inverse problem can be written as: 
min( , )
1 1
1
1m nt t
i i
i i
A y VS U y u y v

 

 
      
 
  Eq. 1C-6 
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For a physical inverse problem, y – is an observed output signal and usually it might carry 
some noise. In the context of this Thesis y is an experimental distance distribution. 
1.3. Least Squares method with non-negativity constraint as lsnonneg.m 
Least squares (LSQ) approach with non-negativity constraint is a direct regularization method 
with a solution that can be directly computed, oppositely to iterative methods. LSQ method with non-
negativity constraint is incorporated in Matlab as lsnonneg.m function, and was used without any 
additional modifications to find the solution: 
 22arg minLSQ A y   , 0LSQ   Eq. 1C-7 
The algorithm has nine steps: 
1. Set all elements of ω to zero and create set Z with all indices, create empty set M. 
2. Start of the main loop: 
Compute the gradient vector g from current value of ω as  tA y A   . 
3. If Z is empty or if all elements of g with indices in Z have nonnegative value, ω is a solution. 
Termination. 
If Z is not empty and g has positive values, then continue the loop. 
4. Find the maximum element of g, which will be positive. Move its index from Z to M. 
5. Start of the possible inner loop: 
Compute matrix Apositive where the columns corresponding to indices in Z are replaced with 
zeros. Solve the linear least squares problem Apositive z=y using SVD with no constraints (Eq. 
1C-6). Components of z corresponding to indices in M will be determined. The rest of z 
elements should be set to 0. 
6. If all z elements with indices in M are positive, z is a new trial solution. Continue with the 
main loop with ω=z (step 2). 
7. If not all the z elements are positive, then only fraction of z will be accepted as a new trial 
solution. Find the index i that gives  ( )i i imin z    . 
8. Calculate the linear sum ω=ω+α(z-ω). 
9. Transfer all indices of the zero-elements in ω from M to Z, including i. Proceed to the inner 
loop (step 5). 
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Appendix 2C 
Understanding protein Structure-Function using pulse Electron 
Resonance Spectroscopy in conjunction with Site-Directed Spin 
Labelling: Zn2+-binding AdcA protein 
 
1) Figures 
 
Figure 1 – Experimental Q-band 4-pulse DEER traces and distance distributions for double mutants 
of metal-free AdcA and Zn2+-bound AdcA isoforms. Left panels shows the DEER trace and the fit 
(Tikhonov regularisation and Gaussian fit), the right panels displays the corresponding distance 
distribution. The data are for double mutants AdcAT60C/T98C (a), AdcAT60C/A233C (b), AdcAT69C/A333C 
(c), AdcAA73C/A259C (d), AdcAT98C/A233C (e), AdcAT98C/A259C (f), AdcAT98C/A333C (g), AdcAA233C/A333C 
(h). 
(c)* - distance distributions for the mutant AdcAT69C/A333C have two distinguishable peaks. The 
reason might be a presence of two preferable orientations of a spin label in solution. 
(a)
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Figure 2 – (A) Projections of an inter-dye distance E* for metal-free AdcAA73C/A259C (50 µM 
EDTA), Zn2+-loaded AdcAA73C/A259C (100 µM Zn2+) and excess EDTA (100 µM Zn2+ + 1 mM 
EDTA) with fits. Mean values of 0.65, 0.68 and 0.65 were found, respectively. (B) Projections of an 
inter-dye distance E* for metal-free AdcAT98C/A233C (50 µM EDTA), Zn2+-loaded AdcAT98C/A233C 
(100 µM Zn2+) and excess EDTA (100 µM Zn2+ + 1 mM EDTA) with fits (adopted from the 
(Submitted Paper)). 
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Figure 3 – X-band CW EPR at different temperatures of AdcAT98C/ A333C Cys-mutant in 35% d8-
glycerol with Zn2+ (ZnCl2) added with a ratio of [1:5] in excess. The mutant was measured for 
comparison with a single labelled AdcAT60C Cys-mutant to estimate the mobility of α2β2 loop as 
explained in the main text of the Chapter. 
The observations are in agreement with the conclusions made. The Zn2+-bound conformations are 
more stable toward temperature. The metal-free conformations start melting earlier (approx. at 
T=323K, while Zn2+-bound mutants – at approx. T=343K) – EPR lineshape changed significantly 
and started to resemble an EPR spectrum of a free MTSL in solution. Presumably the AdcA protein 
unfolded. 
The presence of two MTSL spin labels on a protein molecule makes the interpretation dubious. 
Similar experiment was performed with single-labelled AdcAT98C and AdcAT60C that was more 
conclusive and was explained in the main text of the Chapter. 
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Figure 4 – X-band CW EPR at 298K-343K temperature range of AdcAT60C and AdcAT98C Cys-
mutants in 50% d8-glycerol with Zn2+ (ZnCl2) added with a ratio of [1:5] in excess. Significant 
broadening of the lineshapes due to higher viscosity of the solution was observed. 
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Figure 5 – Comparison of X-band CW EPR spectra of AdcAT60C and AdcAT98C Cys-mutants at 
298K in 50% d8-glycerol solution with Zn2+ (ZnCl2) added with a ratio of [1:5] in excess: Zn2+-
bound samples show less mobility for both AdcAT60C and AdcAT98C than metal-free isoforms. 
  
 
Figure 6 – Comparison of X-band CW EPR spectra of AdcAT60C and AdcAT98C Cys-mutants at 
333K in 50% d8-glycerol solution with Zn2+ (ZnCl2) added with a ratio of [1:5] in excess: AdcAT60C 
mutant shows more distinctive difference in spectral shape between metal-free and Zn2+-bound  
structures with temperature increase. It means that the α2β2 loop is less mobile for Zn2+-bound 
structure. For AdcAT98C mutant the difference is not significant. However, as was mentioned in the 
main text of the Chapter, the broadening might be due to higher viscosity of the solution. 
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Figure 7 – Comparison of X-band CW EPR spectra of AdcAT60C Cys-mutant in metal-free state 
versus AdcAT98C Cys-mutant in metal-free state at 298K and 333K in 50% d8-glycerol solution 
with Zn2+ (ZnCl2) added with a ratio of [1:5] in excess: metal-free AdcAT60C mutant is more mobile 
than metal-free AdcAT98C mutant at all temperatures within the measured range. However, as was 
mentioned in the main text of the Chapter, the broadening might be due to higher viscosity of the 
solution. 
  
 
Figure 8 – Comparisons of X-band CW EPR spectra of Zn2+-bound AdcAT60C mutant versus Zn2+-
bound AdcAT98C mutant at 298K and 333K in 50% d8-glycerol solution with Zn2+ (ZnCl2) added 
with a ratio of [1:5] in excess: AdcAT60C mutant has a narrower spectral line, but the broadening is 
likely caused by a higher viscosity of the solution or by partial aggregation of the protein. 
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Figure 9 – CW EPR spectra of AdcA in metal-free and Zn2+-bound states labelled at different 
positions in solution with 15% d8-glycerol with Zn2+ (ZnCl2) added with a ratio of [1:5] in excess at 
277K. A: metal-free AdcAT60C vs. Zn2+-bound AdcAT60C; B: metal-free AdcAT98C vs. Zn2+-bound 
AdcAT98C. 
A 
 
B 
 
 
Figure 10 (shown on the next page) – EasySpin simulation of the X-band CW EPR spectra for 
metal-free AdcAT60C Cys-mutant (shown as apo, on the left) and for Zn2+-bound AdcAT60C Cys-
mutant (shown as holo, on the right): experimental results (in black) versus Least Squares fit (in red 
dotted) at 308K-343K range. The simulation was run for the protein samples in 35% d8-glycerol 
with Zn2+ (ZnCl2) added with a ratio of [1:5] in excess. The blue arrow (shown for T=298K only) 
points to the evidence of the presence of the faster-tumbling component (discussed in the main 
text). Note on abbreviations used: tcorr – rotational correlation time τC. OP=[
2
0C , 
2
2C ] – orienting 
potential coefficients. 
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Figure 11 – EasySpin simulation of X-band CW EPR spectra for metal-free AdcAT98C Cys-mutant 
(shown as apo, on the left) and for Zn2+-bound AdcAT98C Cys-mutant (shown as holo, on the right): 
experimental results (in black) versus Least Squares fit (in red dotted) at 308K-343K range. The 
simulation was run for the protein samples in 35% d8-glycerol with Zn2+ (ZnCl2) added with a ratio 
of [1:5] in excess. The blue arrow (shown for T=298K only) points to the evidence of the presence 
of the faster-tumbling component (discussed in the main text). Note on abbreviations: tcorr – 
rotational correlation time τC. OP=[
2
0C , 
2
2C ] – orienting potential coefficients. 
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Figure 12 – Rotational correlation time τC of MTSL spin label versus temperature: blue line – 
metal-free AdcAT60C; grey line – Zn2+-AdcAT60C; red line – metal-free AdcAT98C; yellow line – 
Zn2+-AdcAT98C. The simulation was run for the protein samples in 35% d8-glycerol with Zn2+ 
(ZnCl2) added with a ratio of [1:5] in excess 
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Figure 13 – 
2
0C  and 
2
2C  coefficients of the orienting potential for (A) AdcAT60C and (B) AdcAT98C 
Cys-mutants calculated from the simulated X-band CW EPR spectra at RT. 
blue line: 
2
0C  metal-free  structure; grey line: 
2
2C  metal-free  structure; red line: 
2
0C  Zn
2+-bound  
structure; yellow line: 
2
2C  Zn
2+-bound structure. The simulation was run for the protein samples in 
35% d8-glycerol with Zn2+ (ZnCl2) added with a ratio of [1:5] in excess. 
(A) 
 
(B) 
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Figure 14 – EasySpin simulation of X-band CW EPR spectra for  metal-free AdcAT98C Cys-mutant 
(shown as apo-, on the left) and for Zn2+-bound AdcAT98C Cys-mutant (shown as holo-, on the 
right): experimental results (in black) versus Least Squares fit (in red dotted) at 313K. The 
simulation was run for the protein samples in 35% d8-glycerol with Zn2+ (ZnCl2) added with a ratio 
of [1:100] in excess. Note on abbreviations: tcorr – rotational correlation time τC. OP=[
2
0C , 
2
2C ] – 
orienting potential coefficients. 
A 
 
B 
 
C 
 
D 
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2) Tables 
 
Table 1A – C RMSD values of AdcA, AdcAN and AdcAC 
Run 
metal-free-
AdcA 
(Å) a 
Zn2+-AdcA 
(Å) a 
metal-free -
AdcAN 
(Å) a 
Zn2+-AdcAN 
(Å) a 
metal-free -
AdcAC 
(Å) a 
Zn2+-AdcAC 
(Å) a 
1 5.5  0.2 5.1  0.3 4.7  0.2 3.4  0.3 4.3  0.4 4.4  0.2 
2 6.4  0.5 5.4  0.4 3.9  0.3 4.2  0.3 4.7  0.2 4.7  0.2 
3 5.8  0.2 4.8  0.3 4.3  0.2 3.4  0.3 3.9  0.2 4.3  0.2 
4 6.6  0.2 7.1  0.3 4.3  0.3 4.3  0.2 4.5  0.1 4.4  0.1 
5 6.9  0.2 6.6  0.4 5.0  0.2 4.5  0.5 4.3  0.2 4.1  0.2 
a Values shown represent the average C RMSD ( S.D.) calculated by combining the last 250 ns 
of each of the five independent MD simulations of metal-free and metal-bound state, as indicated. 
The RMSD for AdcA (full-length protein), AdcAN or AdcAC were calculated using the starting 
structure of the simulation as a reference and averaged over the data set. 
 
Table 1B – C RMSD values for the DEER Model for AdcA, AdcAN, and AdcAC 
Run 
metal-free -
AdcA 
(Å) a 
Zn2+-AdcA 
(Å) a 
metal-free -
AdcAN 
(Å) a 
Zn2+-AdcAN 
(Å) a 
metal-free -
AdcAC 
(Å) a 
Zn2+-AdcAC 
(Å) a 
1-5 5.2  2.5 4.7  1.9 3.7  2.3 3.2  2.2 NA NA 
a. Values shown represent the calculated C RMSD ( S.D.) from the set of best fit MD simulations 
to the experimental DEER data using all C atoms in the AdcA and AdcAN domain in the metal-
bound or metal-free state as indicated. RMSD calculated using the most probable DEER model 
structure as a reference. 
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Table 2A – Analysis of the AdcAN domain loops containing metal-coordinating residues 
AdcA loop 
RMSD (Å) a 
metal-free -AdcA Zn2+-AdcA 
Loop 22 (residues 55 – 65; His63) 2.7 ± 0.3 b 1.9 ± 0.4 b 
Loop 44 (residues 135 – 144; His140) 1.3 ± 0.3 1.3 ± 0.3 
Loop 65 (residues 201 – 207; His204) 2.0 ± 0.2 1.7 ± 0.3 
Loop 108 (residues 274 – 281; Glu279) 2.0 ± 0.3 1.6 ± 0.4 
a. Values shown represent the average C RMSD ( S.D.) for the AdcAN domain loops containing 
the metal-binding residues and were calculated by combining the frames from the last 250 ns of each 
of the five independent 750-ns MD simulations of metal-free and Zn2+-bound AdcA, respectively (the 
data set). The RMSD were calculated using the starting structure of the simulation as a reference and 
averaged over the data set. 
b. Statistically significant difference based on a 68% confidence interval. 
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Table 2B – Analysis of the DEER Model AdcAN domain loops containing metal-
coordinating residues 
AdcA loop 
RMSD (Å) a 
metal-free -AdcA Zn2+-AdcA 
Loop 22 (residues 55 – 65; His63) 4.2 ± 1.5 3.2 ± 0.9 
Loop 44 (residues 135 – 144; His140) 2.2 ± 0.7 1.4 ± 0.6 
Loop 65 (residues 201 – 207; His204) 1.8 ± 0.4 1.7 ± 0.4 
Loop 108 (residues 274 – 281; Glu279) 2.1 ± 0.2 1.9 ± 0.2 
a. Mean Root Mean Square Deviation (RMSD) values (± S.D.) for the AdcAN domain loops 
containing the metal-binding residues calculated from the DEER model (constructed from MD 
simulations from five independent run). RMSD calculated from the most probable DEER model 
structure. 
 
Table 3A – Inter-residue distances between loop 22 and helix 1 for metal-free-AdcA 
 Helix 1 a 
Loop 22 Thr34 Phe35 Tyr36 
Leu55 4.9 ± 1.1 7.0 ± 1.9  9.1 ± 0.9 
Ile56 5.9 ± 0.6 5.8 ± 1.0 7.8 ± 1.0 
Ala58 9.2 ± 1.6 8.5 ± 1.9 8.6 ± 1.6 
Thr60 11.4 ± 1.6 9.9 ± 2.0 12.4 ± 1.8 
Glu61 12.8 ± 1.5 12.3 ± 1.9 12.4 ± 2.2 
a Mean distances (Å) were calculated by as the inter-residue distance (C-C  S.D.) between the 
residue pairs in the MD simulations (last 250 ns of each of the five independent simulations). 
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Table 3B – Inter-residue distances between loop 22 and helix 1 for metal-free AdcA using 
the DEER Model 
 Helix 1 a 
Loop 22 Thr34 Phe35 Tyr36 
Leu55 4.9 ± 0.2 6.9 ± 0.4 9.1 ± 0.5 
Ile56 5.6 ± 0.3 5.5 ± 0.4 7.8 ± 0.6 
Ala58 10.3 ± 1.4 8 ± 1.6 8.0 ± 1.6 
Thr60 11.1 ± 1.7 9.6 ± 2.0 11.1 ± 2.1 
Glu61 12.1 ± 1.6 10.9 ± 2.2 12.7 ± 2.2 
a. Mean distances (Å) were calculated as the inter-residue distance (C-C  S.D.) between the 
residue pairs for the DEER model (constructed from MD simulations from five independent 
simulations). 
 
Table 4 – Apparent FRET efficiencies of the AdcA cysteine variants 
Sample metal-free (E*) Zn2+ (E*) 
AdcAA73C/A259C 0.65 0.68 
AdcAT98C/A233C 0.61 0.71 
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Table 5 – Parameters of the simulation of the X-band CW EPR spectra of AdcAT60C Cys-
mutant and AdcAT98C Cys-mutant (g-tensor [2.0060, 2.0060, 2.0024], hyperfine coupling A [18 
18 96] MHz). The simulation was run for the protein samples in 35% d8-glycerol with Zn2+ 
(ZnCl2) added with a ratio of [1:5] in excess. 
  AdcAT60C mutant AdcAT98C mutant 
T, K State τC, ns 2
0C  
2
2C  
τC, ns 2
0C  
2
2C  
298K -metal-
free 
1.8647 2.30390 2.09330 2.62850 3.18130 1.75960 
-Zn2+ 1.7952 0.65025 1.04380 3.30100 2.36020 1.32200 
308K -metal-
free 
1.2786 2.43140 2.59980 2.12600 3.15560 1.48870 
-Zn2+ 1.5778 0.93518 1.08230 2.78390 2.12500 0.56166 
313K -metal-
free 
1.1982 2.50990 2.56780 1.90580 3.22200 1.50800 
-Zn2+ 1.4598 1.11390 1.15350 2.58800 2.07480 0.38618 
323K -metal-
free 
1.1347 2.83640 2.62560 1.69590 3.12870 1.53120 
-Zn2+ 1.2931 1.41780 1.24040 2.41500 2.07480 0.38618 
333K -metal-
free 
1.1256 3.06000 2.83800 2.54470 2.79770 1.92150 
-Zn2+ 1.2239 0.95727 0.78051 2.97950 2.07480 0.38618 
343K -metal-
free 
- - - 2.54470 2.79770 1.92150 
-Zn2+ 1.5002 1.9296 1.31170 - - - 
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3) Note 1 
The simulation of the CW EPR spectra for the AdcAT60C and AdcAT98C Cys-mutants in metal-
free and Zn2+-bound states with 35% glycerol and a [AdcA:Zn2+] ratio of [1:5] were performed for 
the temperature range of 298K-343K (Table 5, Figure 10 and Figure 11). The same simulation 
parameters as for the samples with 35% glycerol and a [AdcA:Zn2+] ratio of [1:100] were used (see 
main text). The simulation was performed assuming that there is only one “slow-motion” component 
involved (discussed in the main text). 
The rotational correlation time τC has higher values for mutant AdcAT98C where the label is 
located on a helix, rather than for mutant AdcAT60C, which supports the fact that the T98C-MTSL is 
less mobile than T60C-MTSL. As shown in Figure 12, the values of τC for metal-free AdcAT60C is 
lower than for Zn2+- AdcAT60C (MTSL-T60C is more mobile in metal-free state than in metal-bound 
state). τC of MTSL-T98C is higher than τC of MTSL-T60C in both states, metal-free and metal-bound. 
This is attributed by the fact that MTSL-T98C resides on a stable helix, while MTSL-T60C is located 
on a more mobile α2β2 loop. 
The comparison between the orienting potential coefficients (
2
0C  and 
2
2C ) for AdcAT60C and 
AdcAT98C is shown in Figure 13. As was discussed in Chapter 1 (section 1.3.1), the first component 
2
0C  refers to the restricting potential for the wobbling motion, and the 
2
2C  component refers to its 
asymmetry. For the T60C-MTSL sitting on the mobile loop, both components are contributing 
approximately equally. In contrast, for the T98C-MTSL, the “wobbling motion” is prevailing in 
both structures, metal-free and Zn2+-bound. 
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Appendix 3C 
Understanding Mn2+-binding in the solute-binding protein PsaA using 
pulse Electron Resonance Spectroscopy in conjunction with structural 
models 
 
Figure 1 – Comparison between NO•- NO• DEER data for the PsaAV76C-K237C (A/B) and the 
PsaAV76C-K237C-D280N (C/D) samples prepared in the metal-free (shown as apo-), Zn2+ and Mn2+ 
states. (A/C) Background-corrected DEER time traces obtained at Q-band frequencies The coloured 
lines are the experimental time traces and black lines are fits calculated using Gaussian fit. (C/D) 
The corresponding distance distributions. 
 
(A) 
 
(C) 
 
(B) 
 
(D) 
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Figure 2 – Q-band DEER data for Mn2+-bound PsaAV76C/K237C/D280N and Mn2+-bound 
PsaAV76C/K237C. (Top) NO•-NO• DEER at T = 7.5K. (A) background-corrected DEER time traces, 
and (B) the corresponding distance distribution. (Bottom) Mn2+-NO• DEER at T=7.5K. (C) 
background-corrected DEER time traces, and (D) the corresponding distance distribution. The 
coloured lines of DEER traces are the experimental time traces and black lines are fits calculated 
using Gaussian fit. 
 
(A) 
 
(C) 
 
(B) 
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Appendix 5C 
Optimizing the transformation of HYSCORE data using the 
maximum entropy algorithm 
 
Figure 1 – DFT and MaxEnt spectra using time domain data recorded with the minimum 
experimental time required to definitely detect the two prominent cross-peaks in dataset-1. (A) 
US+DFT with nacc = 7 accumulations, (B) NUS+MaxEnt with nus = 0.2 and nacc = 8, and (C) 
NUS+MaxEnt with nus = 0.1 and nacc = 12. 
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Figure 2 – Compassion of spectral resolution obtained for constant time experiments: (A) MaxEnt 
spectrum computed with 16000 points taken with nus = 0.1 from a 400400 points uniformly 
samples matrix, and (B) DFT spectrum with 16000 point linearly sampled, 172172 matrix. (C) For 
comparison, the DFT spectrum using 400400 points showing the intrinsic resolution of the data. 
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Figure 3 – HYSCORE spectra highlighting the distortion of the ridges as def is decreased for 
dataset-2 in the region below 6 MHz. US+DFT spectrum (A) and NUS+MaxEnt spectra for 
aim = 0.5 with def = 0.5 (B), def = 0.01 (C), and def = 0.0001 (D). All spectra had the same 
measurements time: US+DFT  nacc = 4; NUS+MaxEnt  nus = 0.2, nacc = 20. A Gaussina 
window function with Tapz = 4000 ns was used on the final MaxEnt spectrum that gives peaks 
linewidths comparable to those of the corresponding DFT spectrum. 
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Note 1. Instruction to use the RNMRTK script are available online (https://nmrbox.org 
(https://nmrbox.org/files/umd17-maciejewski-nus-processing-tutorial.pdf), here we provide some 
information specific for HYSCORE data. The RNMRTK workflow for HYSCORE data is as 
follows: 
1) Create a shared memory section 
2) Load the binary file with HYSCORE time-domain data 
3) If NUS scheme is applied, create ‘.txt’ file with the schedule parameters: 
• NPTS [no1] [no2] is a number of points in each time dimension of the initial HYSCORE data 
• NPTS_SUB [no1   no2   0.1(0.2)] is a number of points out; depends on the NUS percentage: 10% 
or 20% in this paper 
• SW [sw1] [sw2] sets a spectral width of a dimension (in Hz) by invoking automatically the 
command SCALE to set up the first point (XFIRST) and the step XSTEP: 
XFIRST (in Hz) is set to  ; XFIRST (in s) is set to 0 
XSTEP (in Hz) is set to  ; XSTEP (in s) is set to a dwell time, 
and was set up for every dataset used in this paper as follows: 
dataset 1: dwell = 20 ns, SW = 25 MHz; 
dataset 2: dwell = 18 ns, SW = 27.7 MHz; 
dataset 3: dwell = 16 ns, SW = 31.25 MHz. 
• LW [lw1] [lw2] (in Hz) specifies the linewidth in each dimension for an exponentially decaying 
NUS schedule where Tc is the exponential time-constant of the decay. 
4) Create ‘.txt’ file with the parameters of Maximum Entropy reconstruction – msa2d function: 
• NLOOPS specifies maximum number of convergences performed by msm2d to find the best fit 
• NOUT number of points in each dimension after msa2d 
• AIM is aim described in the paper (AIM or LAMBDA must be specified depending on the regime 
used, ‘constant aim” or “constant lambda” as described in the paper) 
• DEF is def described in the paper 
5) Save reconstructed data in ‘.bin’ file for further processing. 
 
